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The apparent global increase in harmful algal blooms (HABs) includes Pseudo-nitzschia 
blooms in the Gulf of Maine, where shellfishery closures can cost millions of dollars. 
Temperatures in the gulf are warming, which can affect the severity of some HABs. Yet 
Pseudo-nitzschia in the region are understudied. 
Pseudo-nitzschia bloom dynamics, P. australis introduction, and potential future changes 
thereof were investigated in the Gulf of Maine. Data from ship surveys and moorings were 
used, as well as hydrodynamic, climate, and Lagrangian particle tracking models. Pseudo-
nitzschia bloom toxicity was driven primarily by species composition, not environmental 
factors. P. australis was introduced to the region in 2016 via a coastal current from the 
Scotian Shelf. Climate change might intensify Pseudo-nitzschia blooms, shift bloom timing 
1–2 weeks earlier in the spring or 4–6 weeks later in the fall, or lengthen the growing 
season by 3 weeks. It might also affect species composition and connectivity within the 
gulf. This work has implications for the monitoring of current and future blooms in the 
Gulf of Maine and for our understanding of HAB introduction to the region. It can also 
be used to develop predictive models for Pseudo-nitzschia, which could be applied to other 
HABs.  
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1.1 Introduction to Harmful Algal Blooms and Pseudo-nitzschia 
A Harmful Algal Bloom (HAB) is a bloom of algae that threatens the environment, public 
health, or socioeconomic interests, through either toxin production or large biomass 
(Backer and McGillicuddy, 2006; Glibert et al., 2005). HABs can threaten the 
environment by causing fish kills and poisoning large marine animals such as dolphins, 
manatees, and sea lions (Glibert et al., 2005). Threats to human health from HABs occur 
via contaminated shellfish, ciguatera poisoning, and acute respiratory distress, such as 
with Karenia brevis blooms (Backer and McGillicuddy, 2006). A wide range of toxins 
cause a variety of illnesses, including amnesic shellfish poisoning, azaspiracid poisoning, 
diarrhetic shellfish poisoning, neurotoxic shellfish poisoning, and paralytic shellfish 
poisoning (Backer and McGillicuddy, 2006). During a HAB, shellfisheries might be closed 
to avoid a public health crisis, leading to millions of dollars in economic losses. A 
widespread P. australis bloom on the U.S. West Coast in 2015, for example, led to multi-
month closures of Dungeness crab fisheries (McCabe et al., 2016) and $97.5 million in 
economic losses in 2015 (Trainer et al., 2020).  
HABs gained national attention in the 1980s and have been the subject of research, 
monitoring, and technological development since (Anderson et al., 2012). HABs have 
apparently increased in frequency, magnitude, and spatial extent since this field was 
established, although the degree to which this is a real increase or an apparent increase 
because of improved measurement methods is not clear (Anderson et al., 2012; Glibert et 
al., 2005). HABs are frequently attributed to human activities such as anthropogenic 
eutrophication, which boosts the supply of limiting nutrients in coastal seas (Anderson et 
al., 2008), altered habitats through climate change (Anderson et al., 2012), introduction 
of invasive species through ship ballast water, or aquaculture.   
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Many HABs are caused by dinoflagellates, single-celled phytoplankton that swim with 
flagellae (Backer and McGillicuddy, 2006). One of the few diatoms to cause HABs is 
Pseudo-nitzschia, a lightly-silicified diatom genus of more than 52 species, about half of 
which are confirmed toxin producers (Bates et al., 2018). Pseudo-nitzschia can produce 
domoic acid (DA), a potent neurotoxin responsible for Amnesic Shellfish Poisoning (ASP) 
(Backer and McGillicuddy, 2006). The symptoms of ASP include stomach pain, short-
term memory loss, and – in extreme cases – death (Backer and McGillicuddy, 2006; Perl 
et al., 1990). Domoic acid was first discovered in 1987 when contaminated mussels 
harvested near Prince Edward Island, Canada, led to hundreds of illnesses and three 
deaths (Bates et al., 1989; Perl et al., 1990). 
Pseudo-nitzschia are frequently described as “cosmopolitan” in nature because they can 
tolerate a wide range of temperature and salinity conditions (Hasle, 2002).                         
P. delicatissima, for example, has been observed in the field in temperatures ranging from 
11 to 17.5℃ (Thorel et al., 2017). P. multiseries, P. pungens, P. calliantha, P. cuspidata, 
and P. fraudulenta have all been observed in temperatures from 2–21℃ in the Chesapeake 
Bay (Thessen and Stoecker, 2008). Pseudo-nitzschia species can be found in salinities as 
low as 10 PSU (Thessen and Stoecker, 2008) or as high as 37 PSU (Cerino et al., 2005).  
This is not to suggest that all Pseudo-nitzschia species can grow at all of the temperature 
and salinities in these ranges, but interspecies and inter-strain variation explain why 
Pseudo-nitzschia are found in estuaries, coasts, and the open ocean (Bates et al., 2018; 
Trainer et al., 2012).  
1.2 Drivers of Pseudo-nitzschia Blooms and Domoic Acid Production 
Pseudo-nitzschia blooms have been linked to hydrodynamic forcing in multiple locations. 
Off the coast of Washington, the Juan de Fuca Eddy acts as an incubation site for Pseudo-
nitzschia blooms (Marchetti et al., 2004), which can lead to coastal shellfish contamination 
if an eddy filament detaches and flows toward the coast (Trainer et al., 2009b). In the 
Santa Barbara Channel, convergent eddies were found to aggregate pre-existing, low 
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density blooms until their densities grew from 5*105 to more than 2*106 cells L-1 (Anderson 
et al., 2006). Bloom transport has also been connected to wind direction and resulting 
upwelling or downwelling conditions. Upwelling can initiate a Pseudo-nitzschia HAB by 
transporting optimal temperature, salinity, or nutrient conditions to the surface (Palma 
et al., 2010), or by transporting sub-surface Pseudo-nitzschia cells themselves (Cusack et 
al., 2016, 2015; Seegers et al., 2015). In some cases, such as off the coast of Washington, 
downwelling-favorable winds can advect offshore blooms toward the coast, where they are 
more likely to contaminate shellfish populations (Giddings, 2014).  
Pseudo-nitzschia absolute and relative species abundance are also affected by 
physicochemical factors such as temperature, salinity, nutrients, and nutrient ratios. In 
general, Pseudo-nitzschia need nitrogen to sustain growth, and have a competitive 
advantage in environments with low silica-to-nitrogen ratios, because they require less 
silica than other diatoms (Marchetti et al., 2004; Parsons et al., 2002). Pseudo-nitzschia 
blooms can be locally specific phenomena, however, with interregional variability. In the 
English Channel, Pseudo-nitzschia blooms are thought to be controlled by temperature 
and nitrogen and phosphorus concentrations (Downes-Tettmar et al., 2013), while in 
Scottish waters, Pseudo-nitzschia blooms are dependent on photoperiod and salinity 
(Fehling et al., 2006). In the Bay of Seine, P. australis grew best when salinity was 
between 30 and 35 PSU (Ayache et al., 2018), and in the Southern California Bight, 
Pseudo-nitzschia concentrations were positively correlated with salinity and inversely 
correlated with river runoff (Schnetzer et al., 2007). In addition to interregional 
variability, interspecies variability can exist at one location. In the Bay of Fundy, seven 
different Pseudo-nitzschia species correlated to different degrees with nitrate 
concentration, water column depth, and phosphate concentration (Kaczmarska et al., 
2007). Near the Tunisian coast, the abundance of six different Pseudo-nitzschia species 
correlated differentially with temperature, salinity, nitrate, silicate, and turbidity 
(Sahraoui et al., 2012). 
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The physicochemical environment affects not only Pseudo-nitzschia abundance, but also 
DA production, which varies as a result of species composition (Bowers et al., 2018; Lema 
et al., 2017), nutrient concentrations (Fehling et al., 2006, 2004b, 2004a; Lema et al., 
2017), nutrient ratios (Marchetti et al., 2004), temperature (Zhu et al., 2017), salinity 
(Ayache et al., 2018), toxin exposure (Maldonado et al., 2002), pH (Lundholm et al., 
2004), and even predatory pressure (Hardardóttir et al., 2015). Low concentrations of 
phosphorous (Fehling et al., 2004a; Lema et al., 2017), silica (Fehling et al., 2004b), and 
iron (Maldonado et al., 2002) can all induce DA production or release. Nutrient 
concentrations can also act synergistically with stressors to enhance DA production, such 
as when increased pCO2 and low Phosphorous concentrations together led to more DA 
production than when pCO2 was increased alone (Sun et al., 2011). The effect of pH on 
DA production is contested, with some studies arguing that increased pH enhances DA 
production (Lundholm et al., 2004), and others arguing that decreased pH leads to DA 
production (Tatters et al., 2012). In addition to the physical environment, predatory 
pressure can induce DA production, as found in a study that exposed Pseudo-nitzschia to 
copepodites (Hardardóttir et al., 2015). Because of the complex nature of DA production 
and interspecies and inter-strain variability, it is difficult to apply laboratory findings 
directly to field data. 
1.3 Historic and Predicted Changes to Pseudo-nitzschia  
Community Composition 
Not only does the ambient environment influence Pseudo-nitzschia abundance on bloom 
time scales, but it can drive interdecadal regime shifts in diatom and Pseudo-nitzschia 
abundance. In the North Atlantic, increasing temperatures and increasingly windy 
summer storms have contributed to increasing abundance of diatoms relative to 
dinoflagellates since 1960 (Hinder et al., 2012). In Southern California, the North Pacific 
Gyre Oscillation caused a shift toward greater frequency, higher magnitude, and greater 
relative abundance of Pseudo-nitzschia blooms, and higher DA concentrations in the 1990s 
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(Sekula-Wood et al., 2011). In Danish waters, Lundholm et al. (2010) proposed that 
increased temperature and ammonium-to-nitrate ratios caused a shift in Pseudo-nitzschia 
species composition. In the Gulf of Mexico, interdecadal increases in absolute Pseudo-
nitzschia abundance correlated with an overall increase in nutrient loading and a decrease 
in the silica-to-nitrogen ratio (Parsons et al., 2002).  
In addition to historical shifts in Pseudo-nitzschia abundance, climate change is predicted 
to affect Pseudo-nitzschia bloom dynamics around the world. Climate change will likely 
increase ocean temperatures, enhance stratification, decrease ocean pH, alter patterns of 
upwelling or downwelling, and change patterns of storms and precipitation (Anderson et 
al., 2012; Hallegraeff, 2010). These changes can occur simultaneously and will vary with 
location, creating a complex synergistic problem for the prediction of HABs (Hallegraeff, 
2010; Ralston and Moore, 2020). Possible consequences include range expansion of warm 
water HABs, species-specific changes in seasonality and bloom timing, and a phenological 
mismatch between phytoplankton and their predators (Hallegraeff, 2010).  
Pseudo-nitzschia might be directly affected by climate change, particularly by increased 
temperatures. Increased temperatures have been found to increase P. australis and            
P. delicatissima abundance relative to other phytoplankton (Zhu et al., 2017). DA 
production by P. australis can also be positively correlated with temperature (Thorel et 
al., 2014; Zhu et al., 2017), and DA on the U.S. West Coast was found to correlate with 
warm phases of the Pacific Decadal Oscillation and Ocean Niño Index (McKibben et al., 
2017). Indeed, the widespread P. australis bloom on the U.S. West Coast in 2015 was 
caused partly by a 2.5℃ increase in surface temperatures above the mean, combined with 
intermittent upwelling (McCabe et al., 2016; Ryan et al., 2017). Trainer et al. (2020) 
argued that this bloom suggests that P. australis is more competitive in warm 
environments and better suited to survive low-nutrient conditions, which would make it 
competitive in a warmer, more stratified ocean. There is therefore precedent to indicate 
that Pseudo-nitzschia species might become both more competitive and more toxic as a 
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result of climate change. To understand how climate change might affect Pseudo-nitzschia 
HABs, however, it is necessary to understand their ecological niche in the present day. 
1.4 Harmful Algal Blooms, Pseudo-nitzschia, and the Gulf of Maine 
In the Gulf of Maine, the dinoflagellate Alexandrium catenella (formerly A. fundyense), 
has bloomed regularly for the past several decades. These blooms typically begin in the 
spring and terminate mid-summer (Li et al., 2009). In 2005, an historic bloom of               
A. catenella was declared a natural disaster that led to $50 million in economic losses in 
the state of Massachusetts alone (Jin et al., 2008). These HABs are well-studied 
(Anderson, 1997; Franks and Anderson, 1992) and modeled (He et al., 2008; McGillicuddy 
et al., 2011; Stock et al., 2005), with a forecast model run annually by the National 
Oceanic and Atmospheric Administration1.  
In recent years, however, Pseudo-nitzschia blooms in the Gulf of Maine have received 
increased attention (Fernandes et al., 2014). Fourteen species had been identified in the 
region as of 2014, several of which are confirmed DA producers (Fernandes et al. 2014). 
In contrast to A. fundyense blooms, Pseudo-nitzschia blooms in the region typically occur 
from late spring to early fall (Fernandes et al. 2014). In 2016, shellfisheries in the region 
were closed for the first time in history because of DA concentrations above the regulatory 
limit (Bates et al., 2018). The Gulf of Maine is also warming, with “marine heat waves” 
recorded in both 2012 (Pershing et al., 2015) and 2016 (Pershing et al., 2018).  
These changes in the GOM threaten both the oceanic ecosystem and society. Human 
society in the region is closely tied to the ocean, where commercial fishing has been part 
of the regional economy for over 400 years (Kurlansky, 1997). In 2009, the combined value 
of all commercial fisheries in the GOM, including groundfish, herring, lobster, scallop, 
soft-shell clam, and tuna, was $114.5 million (Lapointe, 2013). The beaches, coastal cities, 




and seaside nature also draw tourists to the region, which support 16% of the jobs in the 
state of Maine and contribute about $600 million in state tax revenue per year (Maine 
Office of Tourism, 2018). These societal, economic, and ecological systems all rely on a 
healthy ocean environment, and they emphasize the need to understand HABs, including 
Pseudo-nitzschia, in the GOM. 
Despite the evidence that the GOM is warming, and that Pseudo-nitzschia might become 
more competitive or toxic with climate change, this HAB genus is understudied in the 
region. Historical shifts in Pseudo-nitzschia abundance have already occurred in other 
parts of the world and are possible in the GOM, but the cosmopolitan nature of the genus 
makes it difficult to translate results from other studies to a specific location. It is therefore 
necessary to use data from the GOM to understand existing Pseudo-nitzschia bloom 
dynamics. Once these are better understood, models can be used to make predictions 
about how Pseudo-nitzschia blooms in the region might change as a result of climate 
change. 
1.5 Thesis Outline 
This thesis is divided into three parts. The first part is a five-year, historical, observational 
study about Pseudo-nitzschia dynamics in the GOM from 2012 to 2016 (published in 
Harmful Algae, Clark et al., 2019). It explores factors driving Pseudo-nitzschia species 
composition and DA-producing Pseudo-nitzschia blooms, and is focused on the event scale 
and nearshore processes in the eastern GOM. The second part expands upon the temporal 
and spatial range of the first to include the entire GOM, the Scotian Shelf, and all eight 
years from 2012 to 2019 (submitted to Continental Shelf Research, 2021). Through data 
and modeling, Pseudo-nitzschia introduction to the GOM and hydrodynamics driving 
Pseudo-nitzschia transport are investigated. The third part uses climate modeling 
spanning 50 years (25 in the hindcast and 25 in the forecast) to consider the effects of 
processes farther upstream than the Scotian Shelf. Potential effects of climate change on 
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2 Pseudo-nitzschia Bloom Dynamics 
in the Gulf of Maine: 2012–2016 
2.1 Introduction 
Domoic acid (DA) first came to international attention in 1987, when hundreds of people 
were poisoned and three people died after eating contaminated shellfish harvested on 
Prince Edward Island, Canada. The diatom Nitzschia pungens was identified as the culprit 
(Bates et al., 1989). Since then, Nitzschia pungens has been re-classified as Pseudo-
nitzschia multiseries, 52 more Pseudo-nitzschia species have been identified, and 26 species 
have been shown to produce DA (Bates et al., 2018). Pseudo-nitzschia are typically lightly-
silicified, cosmopolitan diatoms (Hasle, 2002) that have been found along the coastlines of 
every continent in the world (Trainer et al., 2012) and can tolerate a broad range of 
environmental conditions. Some species, such as P. seriata, can grow in temperatures from 
4℃ (Hansen et al., 2011) to 15℃ (Fehling et al., 2004b), and others, such as P. multiseries, 
can grow in salinities from 20 to 40 (Doucette et al., 2008; Thessen and Stoecker, 2008). 
Toxic Pseudo-nitzschia blooms are traditionally associated with upwelling regions, but the 
genus has also been observed in oligotrophic gyres (Guannel et al., 2015), bays (Thorel et 
al., 2017) and shelf seas (Bresnan et al., 2015). Regime shifts in Pseudo-nitzschia absolute 
and relative abundance have been connected to changes in nutrient ratios (Lundholm et 
al., 2010; Parsons et al., 2002), remote physical forcing (Sekula-Wood et al., 2011), and 
temperature (Lundholm et al., 2010). In recent years, globally and regionally record-
breaking blooms (in terms of DA concentrations  and the extent of shellfishery closures) 
have occurred (McCabe et al., 2016; Bates et al., 2018). In the Gulf of Maine (GOM), 14 
unique species of Pseudo-nitzschia had been identified as of 2014 (Fernandes et al., 2014) 
and in 2016 an unprecedented bloom of P. australis led to the first regional observations 
of shellfish DA concentrations exceeding the regulatory limit of 20 "g DA g-1 shellfish 
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tissue (Bates et al., 2018). Beginning in mid-September, DA in shellfish tissue in the Bay 
of Fundy exceeded 18 "g DA g-1 shellfish tissue and it remained elevated through the end 
of the month (Canadian Food Inspection Agency, 2016). Along the coast of Maine, clam 
and mussel harvesting was suspended sequentially from the northeast to the southwest, 
beginning with Cobscook Bay at the Canadian border on September 27, continuing to 
Mount Desert Island by September 30, and eventually growing to include Penobscot Bay 
by the first week of October (refer to Figure 2-1 for location references) (Rappaport, 2016). 
Threats to economic and human health, along with Pseudo-nitzschia’s apparent growing 
presence, have motivated studies about the factors – biogeochemical, ecological, and 
physical – controlling Pseudo-nitzschia blooms.  Studies on Pseudo-nitzschia growth have 
argued that, because Pseudo-nitzschia are often lightly silicified relative to other diatoms, 
they are most competitive in waters with low silicate-(or silicic acid)-to-nitrate ratios 
(Marchetti et al., 2004; Parsons et al., 2002), in that they thrive when there is sufficient 
nitrogen to support protein synthesis, but too little silicic acid for other diatom species. 
Other studies have connected species-specific growth rates to specific temperatures 
(Santiago-Morales and García-Mendoza, 2011) or salinities (Doucette et al., 2008). 
Pseudo-nitzschia have been linked to hydrodynamic features, such as the Juan de Fuca 
Eddy, which acts as an incubation site for Pseudo-nitzschia blooms (Trainer et al., 2002). 
In the Santa Barbara Channel, convergent eddies were found to aggregate pre-existing, 
low density blooms until their densities increased from 5*105 to more than 2*106 cells L-1 
(Anderson et al., 2006). Bloom development and transport has also been connected to 
wind direction and upwelling conditions in Washington (MacFadyen et al., 2005), 
California (Schnetzer et al., 2013), Portugal (Palma et al., 2010), and Ireland (Cusack et 
al., 2015).  
Cell growth is not the only factor controlling DA concentrations in a Pseudo-nitzschia 
bloom: inter- and intraspecific variation in DA production depends on environmental 
 23 
conditions. DA production has been connected to iron limitation, low silicic acid 
concentrations, increased pH, increased salinity, the presence of predators, light 
availability, and sometimes even multiple, compounding factors (as reviewed in Bates et 
al., 2018; Trainer et al., 2012). In addition, laboratory studies do not always translate to 
the field, where multiple factors change simultaneously and pathways towards DA 
production are complex. Several field studies have concluded that Pseudo-nitzschia DA 
production in the field cannot be attributed to one single environmental parameter (Smith 
et al., 2017; Trainer et al., 2009a). 
Pseudo-nitzschia in the GOM have not been extensively studied, but their growing 
presence and particularly the DA event in 2016 motivate the need to understand the 
dynamics of the genus in this region. DA poses a threat both to the economy and to 
human health. However, because of the disconnect between laboratory results and field 
observations, the varied theories about DA production, and the range of possible Pseudo-
nitzschia growth conditions in the field, it is challenging to draw conclusions on Pseudo-
nitzschia or DA dynamics based entirely on information from the literature. 
This study explores the biogeography of Pseudo-nitzschia species in the GOM from    
2012–2016. Environmental factors controlling species composition and toxic Pseudo-
nitzschia blooms are explored through descriptive and statistical analysis of genetic 
species, nutrient, and hydrodynamic data. The effects of environmental factors and species 
composition on DA are analyzed. Special attention is given to explaining the 2016 bloom 




2.2.1 Study Site 
The GOM is a coastal sea on the North American East Coast that stretches from Cape 
Cod, Massachusetts at 42oN to the Bay of Fundy at 44.5oN (Figure 2-1A). Mean sea 
surface temperature ranges from ~6℃ in February to ~22.5℃ in August, and salinity 
ranges from 29 to 33.5 (Li and He, 2014). The five largest rivers that feed into the GOM 
are, in order of decreasing volume flux, the St. John River, Penobscot River, Kennebec 
River, Androscoggin River, and Merrimack River (Li et al., 2014). Because of resonance 
of the M2 tide, the GOM is home to some of the largest tidal amplitudes in the world: 
tidal amplitudes at the northern end of the Bay of Fundy can reach 6 m (Lynch and 
Naimie, 1993). This tidal energy can fully mix the water column in the Northeastern Gulf, 
Bay of Fundy, Eastern Maine Coastal Current, and on the crest of Georges Bank, 
providing an important mechanism to transport nutrients to the surface (Townsend et 
al., 2014). 
The GOM is comprised of three deep basins, Jordan Basin, Georges Basin, and Wilkinson 
Basin, which are each deeper than 200 m. Exchange between the GOM and the Atlantic 
shelf sea is restricted by the shallow (<100 m) Browns Bank and Georges Bank. Inflows 
occur via slope water from the North Atlantic entering through the Northeast Channel or 
Scotian Shelf Water flowing around the tip of Nova Scotia towards the Bay of Fundy, 
and outflows occur through both the South Channel and the Northeast Channel (Xue et 
al., 2000). The general circulation in the GOM is cyclonic, with anti-cyclonic flow around 
Georges Bank.  
Alongshore transport in the GOM is driven by the coastal-trapped river plume and the 
Gulf of Maine Coastal Current (GMCC) (Bisagni et al., 1996; Pettigrew et al., 2005). The 
pressure-gradient-driven GMCC connects the eastern GOM to the western GOM, and has 
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been shown to be important to A. catenella bloom dynamics (Keafer et al., 2005; Li et 
al., 2009), but the strength of the connection varies interannually (Pettigrew et al., 2005). 
As shown by McGillicuddy et al. (2011), several hydrodynamic processes, including 
upwelling winds, stratification, and alongshore transport, influence HAB dynamics in the 
GOM; anomalies in one process, in addition to biological factors, could create conditions 
for an extremely large bloom, or none at all. 
2.2.2 Biological Data – Ship Surveys 
Shipboard surveys were conducted on the R/V Tioga on August 4th – 5th 2012,               
July 25th – 27th 2014, and August 2nd – 5th 2015, and on the R/V Gulf Challenger on 
October 5th – 7th 2016. Sample stations were arranged in offshore transects centered on 
Mount Desert Island, Maine, and extended up to 60 km offshore (Figure 2-1B). The 
number and locations of sample stations varied depending on weather and in response to 
Pseudo-nitzschia bloom locations: 25 stations were sampled in 2012, 36 in 2014, 40 in 
2015, and 21 in 2016. At each station, discrete water samples were collected with Niskin 
bottles at 1, 10, 20, 30, 40 and 50+ m (site depending). Casts with a CTD Sea-Bird 9 
recorded temperature (℃), salinity, conductivity (siemens m-1), transmissivity (1 m-1), 
turbidity (NTU), dissolved oxygen (ml L-1), and pressure (dbar). 
2.2.2.1 Pseudo-nitzschia Data 
Cell Counts. For cruise samples, 125 mL whole seawater samples from 1, 10, and 20 m 
were preserved with Lugol’s fixative. A 3-mL aliquot was added to a 5-mL Nunc Lab-Tek 
2-chamber counting chamber (ThermoFisher) and Pseudo-nitzschia cells were enumerated 
with a Zeiss Axiovert inverted light microscope at 200–400x magnification and categorized 
into two size categories, small (<3 "m in width) and large (>3 "m in width), and two 
orientations, chain or single-celled. In 2016, an intermediate size category (~3 "m in 
width) was added. The limit of detection (LOD) for cell counts by light microscopy was 
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333 cells L-1. Absolute cell abundance was recorded as the total of all sizes and cell 
orientations. 
Relative Species Abundance  
Water samples were also analyzed for species composition via Automated Ribosomal 
Intergenic Spacer Analysis (ARISA) (Hubbard et al., 2014). After filtration of 125 mL of 
seawater onto 0.45 "m pore size nitrocellulose filters (Millipore), filters were frozen 
shipboard with liquid nitrogen and stored at -80℃ until extraction. DNA was extracted 
with a DNeasy Plant Mini Kit (Qiagen Inc.), amplified via polymerase chain reaction 
(PCR) with the Pseudo-nitzschia-specific ITS1 primer set PnALL F/R, and purified using 
MultiScreen PCR 96 filter plates (Millipore) as described in Hubbard et al., 2014. For 
ARISA, PCR products were standardized and 1 ng DNA was analyzed on an ABI 3730 
XL. Electropherograms were analyzed using DAx software (Van Mierlo Software 
Consultancy, Eindhoven, Netherlands) to characterize amplicon sizes (for species 
association) and relative peak heights (for quantitative assessments) according to Hubbard 
et al., (2014). Amplicon sizes characterized by ARISA were identified by comparing results 
with the GenBank nucleotide (nr/nt) database and regional studies (summarized in and 
including Fernandes et al., (2014)). For the 2016 event, P. australis was identified using 
ITS1 sequencing (targeting the ARISA amplicon) of DNA from live chains (placed in        
5 "L DNA-free water and subjected to three freeze-thaw cycles) and extracts used for 
ARISA (see Smith et al. (2017)). P. australis identification was confirmed with scanning 
electron microscopy conducted on Lugol’s preserved material (Bates et al., 2018). 
2.2.3 Particulate Domoic Acid 
For pDA analysis, 125–250 mL of seawater were filtered through a 0.45 "m pore size 
nitrocellulose filter and frozen at -20℃ until analysis. Prior to analysis, extracts were 
filtered through 0.22 "m PVDF syringe filters. Extracts were analyzed using an Acquity 
UPLC system coupled to a Quattro Micro™ API triple quadrupole mass spectrometer 
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operated in positive ionization mode (ESI+) according to a method adapted from Wang 
et al., (2007). Separations were performed on an Acquity UPLC BEH C18 1.7 "m column 
(2.1 x 50 mm). Mobile phase consisted of Nanopure water (A) and acetonitrile (B) in a 
binary system with 0.1% formic acid as an additive. The detection of DA was achieved 
by multiple reaction monitoring (MRM) using optimized instrument parameters. MRM 
transitions from the protonated DA ion were monitored for the following transitions:     
m/z 312 > 248, m/z 312 > 266 and m/z 312 > 193. The transition m/z 312 > 266 was 
used for quantitation. A certified reference solution of domoic acid purchased from the 
National Research Council, Halifax, Canada was used to generate a 9-point standard curve 
from 0.78–200 ng DA mL-1. The limit of detection was defined as the level yielding a 
signal to noise ratio of 3. The limit of quantitation was defined as the lowest concentration 
on the standard curve (0.78 ng DA mL-1) or the concentration that yielded a signal to 
noise ratio of 10 if that was greater than 0.78 ng DA mL-1.  
2.2.4 Biological Data – Mt. Desert Island Time Series 
From 2013 to 2016, weekly water samples were collected from Mt. Desert Island Biological 
Laboratory (MDIBL) and Bar Harbor on Mt. Desert Island, Maine as part of the Maine 
Department of Marine Resources’ volunteer phytoplankton monitoring program. Ten-liter 
water samples were concentrated to 15 mL using a 15 "m sieve, which may not have 
captured all (especially smaller) Pseudo-nitzschia cells. For cell counts via light 
microscopy, a 1 mL sample was added to a gridded Sedgewick Rafter slide, and cells L-1 
were enumerated either by counting all cells or by estimating based on the grid number 
at which 500 cells were enumerated; cells were categorized as either "large" (>3 "m in 
width) or "small" (<3 "m in width). Species composition at Bar Harbor in 2013 was 
evaluated by ARISA (Section 2.2.2.1) and pDA was measured from whole seawater by 
LC-MS/MS (Section 2.2.3). Water temperature, salinity, and dissolved oxygen were 
measured with a handheld YSI (YSI Instruments, Yellow Springs, OH), and dissolved 
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nutrient concentrations were measured from whole seawater samples according to the 
methods in Section 2.2.5.  
2.2.5 Physicochemical Data 
Nutrients.  
Ship survey water samples from 1, 10, and 20 m and Mt. Desert Island surface samples 
were analyzed for nitrate+nitrite (NOx-), ammonium (NH4+) silicic acid (Si(OH)4), and 
phosphate (PO43-).  Samples were filtered through a 0.22 "m acetate luer-lock syringe 
filter and frozen at -20℃ until analysis. Dissolved NOx-, phosphate, and silicic acid 
concentrations were measured with a QuickChem 8500 Flow Injection Analysis system, 
and dissolved ammonium concentrations were measured on a TD-700 fluorometer. 
Oceanographic, Atmospheric, and Riverine Measurements.  
Buoys from the Northeastern Regional Association of Coastal Ocean Observing Systems 
(NERACOOS) have recorded temperature, salinity, conductivity, potential temperature, 
air temperature, air pressure, and wind speed at hourly intervals since 2001 (Morrison, 
2019) (Figure 2-1B). Instruments were positioned at 1, 20, and 50+ m below the surface 
(site-depending), allowing for characterization of the vertical structure of the water 
column at high temporal resolution. Salinity and temperature data from buoys N, M, and 
I from 2001–2016 were used to characterize water mass characteristics and climatology. 
Wind speed and direction from station I were used to calculate the upwelling index from 
2001 to 2016.   
An upwelling index (UI) was calculated according to Schwing et al. (1996): &' = 	 *+
,-
, where 
./ is the alongshore component of the wind stress as defined by Large and Pond (1981), 
0 is the surface water density in kg m-3, and 1 is the Coriolis parameter. According to this 
convention, a positive UI indicates upwelling, while a negative UI indicates downwelling. 
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Cumulative UI (CUI) was calculated by integrating UI over time from April through 
December in each year from 2001 to 2016. 
The U.S. Geological Survey (USGS, 2013) and Canadian Water Office (Canada, 2018) 
report daily mean river discharge (m3 s-1) for the St. John, Penobscot, Kennebec, 
Androscoggin, and Merrimack rivers. Cumulative river discharge was calculated in     
2012–2016 by integrating daily discharge in m3 s-1 over time to calculate m3. 
Data used for this study are summarized in Table 2-1. 
 
Figure 2-1 - (A) Climatological circulation of the GOM as described in Pettigrew et al., (2005) and adapted 
in Anderson et al., (2005)2. (B) Locations of hydrographic instruments and the 2016 Pseudo-nitzschia ship 
survey in the GOM. “Mt Desert Island” is shown, where both MDIBL and Bar Harbor are located. 
  
                                                        
2 This figure was published in Deep-Sea Research II, Vol 52, Anderson, Donald M., Keafer, Bruce A., 
McGillicuddy, Dennis J., Mickelson, Michael J., Keay, Kenneth E., Libby, P. Scott, Manning, James P., 
Mayo, Charles A., Whittaker, David K., Hickey, J. Michael, He, Ruoying, Lynch, Daniel R., Smith, Keston 
W. “Initial observations of the 2005 Alexandrium fundyense bloom in southern New England: General 
patterns and mechanisms.” p. 2858, Copyright Elsevier (2005) 
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Table 2-1 - Summary of physical and biological time series and survey data.  
MDIBL = Mt. Desert Island Biological Laboratory; NOx- = nitrate + nitrite; NH4+ = ammonium; 
Si(OH)4 = silicic acid; PO43- = phosphate 
Data Source Sample Dates Parameters 
Survey Cruises Aug 2012,  
Jul 2014,  
Aug 2015,  
Oct 2016 
Temperature, Salinity, 
NOx-, NH4+, Si(OH)4, PO43-, 
Pseudo-nitzschia cell counts, 
Species Relative Abundance 
MDIBL  
time series 
Jul–Nov 2013,  
Jun–Oct 2014, 
Feb–Sep 2015,  
Jun–Oct 2016 
All years: Pseudo-nitzschia cell counts 
2013 only: Temperature, Salinity,  
NOx-, NH4+, Si(OH)4, PO43-, 






Air temperature, Air Pressure,  
Wind Speed 
River Gauges Varied Daily discharge 
 
2.2.6 Descriptive and Statistical Analyses 
Cell concentrations and species relative abundance were plotted at their sample locations 
to explore spatial variability. Each analysis described below was conducted on absolute 
cell abundance (cells L-1), relative species abundance, chlorophyll, pDA, temperature, 
salinity, and dissolved nutrient concentrations. Relative nutrient concentrations were also 
analyzed including the silicic acid-to-total nitrogen ratio (Si(OH)4:(NOx-+NH4+) or simply 
Si:N), silicic acid-to-phosphorous ratio (Si(OH)4:PO43- or Si:P), total nitrogen-to-
phosphorous ratio ((NOx-+NH4+):PO43- or simply N:P), and residual silicic acid             
(Si* = [Si(OH)4] – [NOx-]). Each year was analyzed individually, with all depths 
combined, except where indicated otherwise. For all statistical tests, correlations with a 
p-value<0.05 were considered significant. 
ARISA data were used in conjunction with pDA concentrations to estimate cellular DA    
(DA cell-1 or cDA), which varies widely among Pseudo-nitzschia species and is thus 
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challenging to estimate from field data. Therefore, samples dominated by one species 
(relative abundance >85%) were selected, with exceptions made for samples as low as 70% 
relative abundance of the dominant species, as long as the other species were not 
associated with pDA in the dataset. Such allowances increased the number of samples to 
improve statistical robustness. If a sample had >85% relative abundance from the 
dominant species, but P. australis was also detected by ARISA, then that sample was 
discarded because P. australis is known to produce pDA. PDA ("g L-1) was divided by 
the total cell concentration (cells L-1) to find an estimate of cDA (pg cell-1). The cDA 
calculation accounted for the relative abundance of the dominant species by dividing by 




(<56:;DE5:F?GH:G45) ∗ (4566J(9:;5<	=>6?@5)BC) 
Correcting by the relative abundance makes the assumption that DNA prevalence is 
proportional to cell counts, which is not necessarily correct. However, the calculation was 
also performed without adjusting for relative abundance, and the results varied little. The 
calculation was also performed with a lower minimum cutoff for relative abundance of the 
dominant species of 60%, and the main results did not change (Appendix A, Table 6-2).  
Several statistical analyses were employed to quantify the relationships observed in the 
descriptive analysis. Linear least squares regression was used to explore correlations 
between species relative abundance, cell abundance, pDA and environmental parameters. 
Each species was tested against the environmental factors listed at the beginning of this 
section. Regression analysis was run for the cruise data and time series data, with each 
year individually, with all years combined, with all samples, and with only samples where 
pDA>LOQ. 
Principal Component Analysis (PCA) was used to quantify variability in environmental 
factors and species relative abundance in the cruise data. Canonical Correspondence 
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Analysis (CCA) was used to quantify correlations between environmental factors and 
community species composition in the cruise data. PCA and CCA were performed both 
on each year individually and on all years combined. 
Lastly, the Wilcoxon signed rank test was used to test whether the measured 
environmental factors were statistically significantly different between years. This test 
was chosen because it does not assume normal sample distribution. Cruise data from 2016 
were compared with other cruise data (2012, 2014, and 2015). Samples with pDA>LOQ 
were used, as the goal was to determine the effect of different environmental factors on 
DA concentrations when toxic species were already present.  
2.3 Results 
2.3.1 Biogeography prior to 2016 
2.3.1.1 Temporal Variability 
Pseudo-nitzschia dynamics in the GOM exhibited interannual and seasonal variability in 
bloom timing, cell abundance, and relative species abundance (Figure 2-2 and Figure 2-3). 
Notable patterns are summarized below. 
Interannual Variability 
Maximum cell abundance was 75,000 cells L-1 in 2012, 190,000 cells L-1 in 2013, 65,000 
cells L-1 in 2014, and 180,000 cells L-1 in 2015. Ten Pseudo-nitzschia species were present 
in the GOM from 2012 to 2015, based on ARISA and sequencing data: P. pungens,           
P. plurisecta, P. seriata, and P. delicatissima were consistent members of the community, 
with varying degrees of relative abundance, while P. multiseries, P. heimii/americana,  
P. fraudulenta, P. cuspidata, P. caciantha, and P. obtusa were detected only in some years 
(Table 2-2). Before 2016, GOM interannual variability was characterized by shifts in 
dominance between four species, but not complete shifts in species assemblage. In 
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addition, while some samples were dominated by one species, in none of the years prior 
to 2016 was a single species dominant in all samples for that year.  
Table 2-2  - Presence/Absence of Pseudo-nitzschia species 2012–2016. An ‘X’ indicates that in at least 











































































2012 X X X X   X  X X 
2013 X X X X   X X X X 
2014 X X X X  X X    
2015 X X X X  X X X X  
2016 X X X X X   X X  
 
Seasonal Progression 
Temporal variability also existed in the form of seasonal progression. Based on the 
monitoring time series from MDIBL, there were two Pseudo-nitzschia cell concentration 
peaks in 2013 with varying species composition. The first peak of 150,000 cells L-1 occurred 
in late-July/early-August and was comprised largely of P. plurisecta (Figure 2-3). The 
second peak of 190,000 cells L-1 occurred in mid-September and included mostly                
P. pungens.  
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Figure 2-2 – From the MDIBL and Bar Harbor time series data, Pseudo-nitzschia spp. cell concentration 
versus time in 2013, 2014, 2015, and 2016. Timing of the 2014, 2015, and 2016 cruises are indicated with 
vertical lines. Maximum total cell abundance from each cruise is plotted as a single point. Note that the y 
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Figure 2-3 - From the Bar Harbor time series, Pseudo-nitzschia cell concentration (left axis; blue line) and 
pDA (right axis; red Xs) versus time in 2013. Relative species abundance for each sample is indicated with 
pie charts. 
2.3.1.2 Spatial Variability 
In addition to temporal variability, spatial variability was observed in the cruise data 
(Figure 2-4, Figure 2-5, Figure 2-6, and Figure 2-7). Prior to 2016, the greatest cell 
concentrations were consistently inshore and at the surface. Because the inshore waters 
also had lower salinity, the samples in 2012 and 2015 could be categorized into two groups: 
one group at higher salinity and lower cell counts (offshore), and the second group at 
lower salinities and higher cell counts (inshore).  
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Figure 2-4 – (Left) August 2012 species relative abundance of surface samples plotted on the sampling 
locations in the GOM. Pie chart size was determined by log(cell count) (scale shown at lower right). (Right) 
2012 relative species abundance on a salinity vs. cell count diagram, with axes scaled to match Figure 2-5, 
Figure 2-6, and Figure 2-7.  
 
Figure 2-5 - (Left) July 2014 species relative abundance of surface samples plotted on the sampling locations 
in the GOM. Pie chart size was determined by log(cell count) (scale shown at lower right). (Right) 2014 
relative species abundance on a salinity vs. cell count diagram, with axes scaled to match Figure 2-4, Figure 
2-6, and  Figure 2-7. 
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Figure 2-6  - (Left) August 2015 species relative abundance of surface samples plotted on the sampling 
locations in the GOM. Pie chart size was determined by log(cell count) (scale shown at lower right). (Right) 
2015 relative species abundance on a salinity vs. cell count diagram, with axes scaled to match Figure 2-4, 
Figure 2-5, and Figure 2-7.  
 
Figure 2-7 - (Left) October 2016 species relative abundance of surface samples plotted on the sampling 
locations in the GOM. Pie chart size was determined by log(cell count) (scale shown at lower right). 
(Right) 2016 relative species abundance on a salinity vs. cell count diagram, with axes scaled to match 
Figure 2-4, Figure 2-5, and Figure 2-6.  
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In 2012, inshore salinity ranged from 31.5 to 32.5 while offshore salinity ranged from 32.5 
to 33.5 (Figure 2-4). In 2015, inshore salinity ranged from 29 to 32.5, while offshore salinity 
ranged from 32 to 33 (Figure 2-6). P. plurisecta was consistently found at greater relative 
abundance in inshore samples, while P. seriata and P. delicatissima were consistently 
found in offshore samples (Figure 2-4 and Figure 2-6). P. pungens was found both inshore 
and offshore. 
2.3.2 2016 event 
In 2016, shellfisheries were closed because shellfish DA concentrations exceeded the 
regulatory limit for the first time in the GOM (Bates et al., 2018). Particulate DA 
concentrations reached a maximum of 37.5 "g L-1 at one site and were on average an order 
of magnitude larger than pDA measured in previous years (Figure 2-8). Shellfishery 
closures in the GOM were preceded by shellfishery closures in the Bay of Fundy, where 
shellfish DA concentrations exceeded 20 "g of DA g-1 shellfish tissue at various locations 
from September 16 to 30 (Canadian Food Inspection Agency, 2016).  
The 2016 bloom likely began in September in the Bay of Fundy, and samples containing 
up to 180,000 Pseudo-nitzschia cells L-1 were collected along the eastern Maine coast 
during the 2016 cruise from October 5 to October 7. The bloom was accompanied by 
greater salinity, greater ammonium, and lower Si*, all of which were significantly different 
from measurements in at least one previous year (Section 2.3.4).  
During the 2016 bloom, P. australis was observed at all sample sites and depths       
(Figure 2-7), and therefore at varying nutrient ratios and the full range of temperatures           
(12.23–14.20℃) and salinities (32.77–33.61) recorded that year. The inshore-offshore 
biogeographic patterns in cell abundance and species composition that were observed in 
summer 2012 and 2015 (Section 2.3.1) were not present in fall 2016. Cell abundances and 
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P. australis relative abundance were relatively uniform across the sample area from 
inshore to offshore. 
 
Figure 2-8- Box-and-Whisker plots of particulate DA measured during August 2012, June–October 2013, 
July 2014, August 2015, and October 2016. Note that the y axis is a log scale. The crosses are outliers, 
defined as points greater than (less than) Q3(Q1) +(-) 1.5*(Q3-Q1), where Q1 is the first quartile and Q3 
is the third quartile. 
2.3.3 Domoic Acid 
DA concentrations varied spatially, seasonally, and interannually, in correlation with cell 
concentrations and with the relative abundance of known toxic species (Figure 2-9). In 
2012, the highest pDA (0.06 "g L-1) was observed in samples with at least 104 cells L-1 
and >50% P. plurisecta relative abundance. At Mt. Desert Island in 2013, the first peak 
in cell abundance, which was dominated by P. plurisecta, a known toxic species, coincided 








P. pungens, did not result in elevated DA concentrations. In 2014, relative species 
proportions were constant, but pDA concentrations increased as absolute cell 
concentrations increased: the maximum pDA (0.23 "g L-1) co-occurred with a cell 
concentration of 15,000 cells L-1, and most pDA concentrations over 0.1 "g L-1 co-occurred 
with cell concentrations greater than 104 cells L-1. In 2015, samples with P. plurisecta had 
higher pDA than those with P. delicatissima and P. seriata, and the greatest pDA 
concentration was 0.31 "g L-1. In 2016 the greatest pDA concentration was 37.5 "g L-1, 
and samples that were nearly completely dominated by P. australis had the greatest pDA.  
Estimated cDA varied widely in the survey and time series data. From samples dominated 
by one species, cDA estimates were possible for P. australis, P. pungens, P. seriata,              
P. delicatissima, and P. plurisecta. PDA was <LOQ in all samples dominated by                   
P. delicatissima.  Cellular DA estimates were <LOQ–11.1 pg cell-1 for P. seriata,           
0.6–26.7 pg cell-1 for P. plurisecta, and 10.2–42.6 pg cell-1 for P. australis (more 
information can be found in Appendix A, Table 6-2). P. pungens cDA estimates were only 
greater than zero when the analysis was run including samples with relative abundance 
as low as 60%, and ranged from <LOQ–0.75 pg cell-1. This approach was validated by 
previously published estimates for the observed species: cDA estimates for P. pungens and                 
P. delicatissima are less than 1 pg cell-1, while cDA estimates for P. seriata range from 
0.8–33.6 pg cell-1 (Trainer et al., 2012). P. plurisecta was previously identified and 
confirmed to produce DA in the GOM (Fernandes et al., 2014), and P. australis cDA has 
been shown to reach >90 pg cell-1 (Ryan et al., 2017).  
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 Figure 2-9 – Relative species abundance for each survey cruise on a particulate DA vs log(cell count) 
diagram: (A) 2012, (B) 2014, (C) 2015, (D) 2016. Note that the axes scales are different. 
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2.3.4 Statistical Analysis 
Statistics were used to quantify correlations from the descriptive analysis, beginning with 
correlations with environmental parameters. Linear regressions between pDA 
concentrations or relative species abundance and environmental parameters yielded 
statistically significant results (p-value<0.05), however the correlations were low 
(R2<0.1). The exception is in linear regressions from 2013: P. pungens was negatively 
correlated with temperature (R2 = 0.85), P. seriata was negatively correlated with salinity 
(R2 = 0.53), and pDA was negatively correlated with phosphate (R2 = 0.57). Some 
correlations existed between relative species abundance and salinity, which are discussed 
in Section 2.3.1.2. When the analysis included only samples with pDA > LOQ (130 out 
of 372 total samples), pDA and species abundance were not consistently correlated with 
one environmental parameter across the years.  Thus, variation in species composition 
and pDA concentrations were not functions of any one environmental parameter. (Refer 
to Appendix A for full tables of p-values and R2 values from regression analysis.)  
Linear regressions between relative species abundance and pDA were similarly 
inconclusive: R2 values were less than 0.2. Therefore, one species was not the sole producer 
of pDA across all years of the study. However, when the analysis included only samples 
with pDA > LOQ, there were consistent correlations between pDA and the abundance of 
P. plurisecta, P. pungens, P. australis, and total cell counts (Table 2-3).  
CCA and PCA analyses were inconclusive: in neither of the analyses, whether each cruise 
individually or all cruises combined, were species clearly and consistently correlated with 
an environmental factor. From the analysis, nutrient and temperature variability 
dominated the system, but did not correlate with species variability. Despite a lack of 
direct correlations between environmental factors and species or pDA, interannual 
differences were observed. According to the Wilcoxon signed rank test, ammonium, N:P, 
and salinity were significantly higher in 2016 than in 2012 and 2015, while Si* and Si:N 
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were significantly lower in 2016 compared to 2012 and 2015. 2016 was not significantly 
different from 2014 in any category except cDA.  
Table 2-3 - Results of linear regressions between species abundance and pDA concentrations of only samples 
where pDA > LOQ. Only statistically significant correlations of species with DA cell-1 > 0 are shown. 
Year(s) Species R2 
2012 P. plurisecta 0.33 
2012 Total cell count 0.47 
2013 P. plurisecta 0.53 
2014 P. plurisecta 0.29 
2014 Total cell count 0.17 
2016 P. australis 0.22 
2016 Total cell count 0.66 
2012–2016 P. australis 0.19 
2012–2016 Total cell count 0.53 
 
2.3.5 Physical Forcing and Hydrodynamics 
The CUI in 2016 was at a minimum in May and increased faster in summer 2016 than in 
summer 2012, 2013, 2014, or 2015 (Figure 2-10A). By late September 2016, the CUI was 
larger than in all previous years except 2013, and an abrupt shift to downwelling-favorable 
winds occurred from the 23rd to the 27th of September. Cumulative river discharge was 
lower than the average from the 2001–2015 climatology (Appendix A, Figure 6-4), and 
salinities during the 2016 cruise were higher and had a narrower range than in previous 
cruises (Figure 2-10). North Atlantic inflows in 2016 were also noteworthy: at 
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NERACOOS Station M in 2016 there was a warm and salty anomaly at 250 m that caused 
salinity to increase from 34.25 to 34.8 and temperature to increase from 8.71 to 10.35℃ 
in 6 days (Figure 2-11).  
 
Figure 2-10- (A) Cumulative Upwelling Index vs time in 2012–2016, calculated with atmospheric data from 
NERACOOS Station I. (B) Temperature and salinity measurements from all ship surveys plotted on one 
temperature-salinity diagram. Climatological means (circles) and minima/maxima (error bars) of 
temperature and salinity for the months July, August, and October (the same months as the cruise surveys) 
are also shown from NERACOOS station I. 
 
Figure 2-11 – Salinity (top) and temperature (bottom) climatology as measured by NERACOOS buoy station 
M (Jordan Basin) at 250m. Climatology was calculated from data measured in 2003–2019, and 2016 daily 




2.4.1 Pseudo-nitzschia Biogeography 
Although inshore-offshore Pseudo-nitzschia biogeography correlated with salinity, it may 
not be due to differences in species’ salinity preferences. In fact, the literature is 
inconsistent on salinity preferences for species in the dataset. For example,                         
P. delicatissima and P. pungens were observed in salinities ranging from 20.8 to 38 in the 
western Mediterranean (Quijano-Scheggia et al., 2008), while a survey of the Bay of Seine 
(Thorel et al., 2017) found a trend that was the opposite: P. pungens was found in           
32–33.5 salinity waters, while P. delicatissima was found in 31.6–32.8 salinity waters.  
Cross-shore patterns could also be indicative of underlying water mass changes. For 
example, inshore-offshore patterns in species composition have been observed in Monterey 
Bay, where an upwelled cold tongue divided non-toxic inshore populations of                     
P. fraudulenta from toxic offshore populations of P. australis (Bowers et al., 2018). In the 
GOM dataset, cross-shore patterns in species composition and salinity may reflect the 
coastal river plume decreasing salinity in the nearshore, which was apparent in 2012 
(Figure 2-4) and in 2015 (Figure 2-6). If variations in salinity are associated with different 
water masses, other factors likely varied simultaneously. Species’ niche in salinity space 
was inconsistent from year to year in the GOM dataset, there are not currently enough 
data to tease apart the effects of only salinity from other factors, and seemingly 
contradictory findings in the literature may indicate intraspecific diversity. It is therefore 
not possible to define salinity niches in the GOM dataset.  
2.4.2 Cruise Results in the Context of Temporal Variability 
It may be tempting to draw conclusions about species’ environmental preferences by 
comparing cruise data, but in each year the cruise data captured only a snapshot of a 
spatially and temporally variable process. It is therefore difficult to say what conditions 
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preceded a bloom and how the bloom itself may have altered its environment. In addition, 
seasonal progression in species relative abundance (e.g. 2013, Figure 2-3) combined with 
interannual variability in the timing of peak cell abundance (Figure 2-2), make it unlikely 
that four different cruises conducted at different times captured the same point in the 
blooms’ progression. Variations among years therefore cannot be used to draw conclusions 
about factors regulating species distribution.  
In 2014, inshore-offshore patterns were less pronounced than in 2012 and 2015. One 
explanation for this is interannual variability in species dominance, which has also been 
observed in the Bay of Seine: a 2012 bloom was a composite of P. australis, P. pungens, 
and P. fraudulenta, but a 2013 bloom was dominated by P. delicatissima (Thorel et al., 
2017). However, because the same species were present in the GOM in 2012, 2014, and 
2015, but at varying relative abundances, it is more likely that the difference in 
biogeography is due to differences in cruise timing relative to bloom timing and seasonal 
cycles in environmental conditions. The 2014 survey occurred when Bar Harbor and 
MDIBL cell concentrations were low, and P. plurisecta was observed in similar proportions 
across most sample sites. The 2012 and 2015 cruises, meanwhile, occurred when cell 
concentrations were at a maximum, and P. plurisecta dominated inshore (Figure 2-2, 
Figure 2-4, Figure 2-6). In 2013, species assemblage shifted from a more even distribution 
early in the season to dominance by P. plurisecta later in the season (Figure 2-3). Similar 
seasonal transitions have been observed in the English Channel (Downes-Tettmar et al., 
2013) and western Scottish waters (Fehling et al., 2006): multiple species existed at one 
location, but they bloomed at different times of the year. Assuming the temporal pattern 
observed in the 2013 time series was consistent for the years preceding 2016, the cruises 
likely captured inshore summertime P. plurisecta dominance in 2012 and 2015 but not in 
2014.  
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2.4.3 Domoic Acid 
The production of DA in the ocean depends both on the presence/abundance of a toxic 
species and on conditions that lead to DA synthesis. Genetic analysis confirmed the 
presence of certain species and pDA in each of the sampling years: P. plurisecta and         
P. seriata from 2012–2015, and P. plurisecta, P. seriata, and P. australis in 2016. In the 
cruise samples and MDIBL time series pDA typically increased with increasing relative 
abundance of P. plurisecta and P. australis, known DA-producers (Figure 2-3 and  Figure 
2-9). In 2016, when the species assemblage was dominated by the putatively toxic                
P. australis, pDA levels were an order of magnitude higher than previous years. In samples 
where pDA>LOQ, pDA was correlated with P. pungens, P. plurisecta, P. australis and 
total cell counts. Cellular DA calculations varied between species (Section 2.3.3), with 
highest cDA estimates for P. australis cells, followed by P. plurisecta, and finally P. seriata 
and P. pungens. Particulate DA concentrations were correspondingly highest in                
P. australis-dominated samples, followed by P. plurisecta samples, and P. seriata samples. 
The effect of species composition on DA concentrations is supported by studies in both 
the field and the lab. In the Bay of Seine, Thorel et al., (2017) observed that blooms 
dominated by P. delicatissima were non-toxic, while blooms dominated by P. australis 
were toxic. That study reported variability in species composition, nutrient 
concentrations, nutrient ratios, salinity, temperature, and irradiance, but concluded that, 
of all these, species composition had the largest effect on DA. Similarly, Downes-Tettmar 
et al. (2013) observed seasonal variations in DA and species composition in the Western 
English Channel and concluded that DA concentrations correlated with cells from the     
P. seriata group (of which P. australis is part) and P. pungens/multiseries group. Lab 
studies have led to similar conclusions. Lema et al. (2017) measured the effects of varying 
phosphorus concentrations and changing species composition on DA production and 
concluded that species was the leading order factor to DA production. Based on cDA 
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analysis, linear regressions, and evidence from the literature, species composition was likely 
the leading factor affecting pDA concentrations in the GOM. 
The presence of toxic Pseudo-nitzschia spp. is not the only factor to pDA concentrations, 
as production of DA can vary depending on life stage (Auro and Cochlan, 2013), light 
availability (Auro and Cochlan, 2013; Terseleer et al., 2013), macronutrients (Lema et al., 
2017), nutrient ratios (Lema et al., 2017), trace metals (Wells et al., 2005), or even the 
presence/absence of predatory zooplankton (Lundholm et al., 2018; Tammilehto et al., 
2015). The Wilcoxon signed-rank test indicated that Si:N of positive DA samples was 
significantly lower in 2016 than in 2012 and 2015, and that N:P was significantly higher 
in 2016 than in 2012 or 2015. This may be the result of the significantly higher ammonium 
concentrations that were measured in 2016, because, in the ratios, N was the sum of NOx- 
and NH4+. However, Si* was also significantly lower in 2016, and that measurement is 
only a comparison between Si(OH)4 and NOx-. Several lab studies have found DA 
production to increase under silicic acid-limiting conditions when nitrogen was abundant 
(Lema et al., 2017; Tatters et al., 2012; Terseleer et al., 2013). One field study also 
observed that maximum pDA concentrations occurred when both silicate and phosphate 
were limiting (Thorel et al., 2017). Although this ratio was not directly correlated with 
pDA concentrations in the present study, its role in triggering and enhancing DA 
production by P. australis and other species cannot be ignored. 
Despite the laboratory evidence of the role of environmental factors in DA production, it 
is difficult to translate lab results to the field. Communities in the lab are often 
monospecific, and all other factors besides the parameter in question are carefully 
controlled. In the field, there are typically many Pseudo-nitzschia species present as well 
as other plankton that interact with Pseudo-nitzschia and utilize nutrients. For example, 
grazer interactions have recently been shown to dramatically enhance DA production in 
Pseudo-nitzschia (Lundholm et al., 2018). As in this study, studies along the Washington 
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and California coasts were unable to attribute DA concentrations or species abundance to 
a single environmental parameter (Smith et al., 2017; Trainer et al., 2009a).  The lack of 
simple correlations between environmental factors and pDA does not indicate that 
environmental factors are unimportant, but rather that pDA concentrations in the field 
likely depend on a combination of many different factors. 
2.4.4 The 2016 Event 
The DA event in 2016 was unique from previous years in three ways. First, P. australis 
was identified for the first time in the GOM (Bates et al., 2018). Second, the bloom 
occurred in September and October, whereas in previous years Pseudo-nitzschia cell 
concentrations peaked in the spring or summer (Figure 2-2 and Figure 2-3) and the bloom 
season had been assumed to end in fall. Third, the species assemblage during the 2016 
bloom was not a mix of P. delicatissima, P. seriata, P. plurisecta, and P. pungens, but 
rather dominated by one species. P. australis was present in every sample, and in many 
samples its relative abundance was more than 50% by ARISA estimates. 
2.4.4.1 What caused the abnormally high pDA levels in 2016? 
The historic shellfish closures in the GOM in 2016 prompt the question: why was pDA so 
high?  PDA values in 2016 were likely the result of high P. australis relative abundance 
in combination with limiting silicic acid concentrations, but, of these, P. australis was the 
leading order factor in high pDA levels.   
P. australis is one of the most toxic Pseudo-nitzschia species, both in this dataset and in 
the literature (Section 2.4.3). The presence of P. australis alone might be enough to 
explain the high pDA levels in 2016, because cDA was significantly higher in 2016 despite 
similar total cell counts. However, significantly lower Si* co-occurred with the P. australis 
cells in 2016, and DA production has been linked to silica stress in both the laboratory 
(Doucette et al., 2008; Terseleer et al., 2013), and the field (Marchetti et al., 2004; Ryan 
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et al., 2017). Low Si* may have enhanced DA production by P. australis cells to create 
higher pDA concentrations. Because 2014 had equally low Si* to 2016 but pDA 
concentrations in line with 2012, 2013, and 2015, and since P. australis was not present 
in 2014, P. australis was probably the leading factor for the high pDA concentrations in 
2016.  
2.4.4.2 Where did P. australis originate? 
The first hypothesis for the origin of P. australis is that it was present in undetectable 
amounts prior to 2016 and grew in 2016 because of altered environmental conditions. This 
hypothesis cannot be ruled out, but it seems unlikely, because there is little evidence to 
suggest that there were sufficient changes to growth conditions to favor a P. australis 
bloom. Nutrient concentrations and ratios were not significantly different in 2016 
compared to all prior years. Si* was significantly lower in 2016 compared to 2012 and 
2015, but this is expected to stress Pseudo-nitzschia cells, not improve their growth 
(Terseleer et al., 2013). There is no evidence in the literature to suggest that P. australis 
growth in particular improves with low silicic acid, so it is unknown whether low Si* 
might have enhanced P. australis growth over other Pseudo-nitzschia species. NH4+ was 
significantly higher in 2016 compared to 2012 and 2015, and in Puget Sound P. australis 
and P. seriata relative abundance were found to correlate with NH4+ (Hubbard et al., 
2014), but growth experiments have not found significantly improved P. australis growth 
when nitrogen was in the NH4+ form (Howard et al., 2007; Martin-Jézéquel et al., 2015). 
As previously discussed, it is difficult to draw conclusions about the conditions preceding 
a bloom from survey data alone. Thus, the differences in nutrients in 2016 do not 
conclusively point to improved conditions for P. australis growth.   
Salinity was significantly higher in 2016 than in three previous years, suggesting a possible 
factor in the emergence of P. australis. It is possible for salinity to favor P. australis 
growth, because P. australis has been shown to prefer a more limited range of salinity 
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relative to other species (Ayache et al., 2018), but the 2016 cruise data are insufficient to 
fully explore correlations between P. australis and salinity. The greater salinity values in 
2016 compared to those in previous years (Figure 2-10) could be explained in a number 
of ways, some of which point to other explanations for the P. australis bloom. The 2016 
cruise occurred later in the year than previous years, and salinity typically increases 
through the summer and fall in the GOM. Salinity during the 2016 cruise was only slightly 
higher than regional climatology for that time of year (Figure 2-10). Relatively low river 
discharge in 2016 also may have led to greater than average salinities inshore. 
The high salinity values may also indicate an anomalous water mass, which relates to a 
hypothesis that P. australis was introduced into the GOM in 2016. Inflows from the 
Scotian Shelf and Northeast Channel vary in strength interannually (Townsend et al., 
2014), and may provide a potential pathway for introducing P. australis cells. In 
particular, climatology from NERACOOS station M in Jordan Basin showed a rapid 
increase in salinity and temperature values in summer 2016 at 250 m (Figure 2-11) that 
may have been associated with anomalously warm/salty eddies propagating from the 
Grand Banks near Novia Scotia (Brickman et al., 2018) or with Gulf Stream Ring water 
(GSRW). Townsend et al., (2015) showed evidence of GSRW, or a mixture containing a 
significant fraction of GSRW, that had penetrated at intermediate and bottom depths 
into Jordan Basin in the interior GOM in fall 2013. They analyzed a time series of 
temperature and salinity at Buoy M in Jordan Basin, as augmented by in situ nitrate 
data collected at 100 m with a Satlantic optical nitrate sensor (Twardowski et al., 2015). 
Nitrate served as a third semiconservative water mass tracer to identify an intrusion of 
anomalously warm and salty, but low nitrate, GSRW. Unlike low-nitrate GSRW, an 
intrusion of Warm Slope Water with similar T/S properties would have exhibited elevated 
nitrate concentrations (typically 16–17"M; Townsend et al. 2006), not the drop from        
12 "M to 8 "M that was observed (Townsend et al., 2015).  
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Similarly timed signals were observed at buoy station M in Jordan Basin in 2016 and in 
the late summer and fall in 2017 and 2018.  Deep waters (at 200 m and 250 m) during 
those events exhibited the warmest and saltiest values of the time series in Jordan Basin 
(2003 to present) and were accompanied by lowered nitrate concentrations (Townsend, 
unpublished), characteristic of GSRW (Townsend et al., 2010). Warm Core Rings can 
encompass 1500m in the vertical (Joyce, 1984) which suggests that the signals observed 
at 250m in 2016 and 100m in 2013 (Townsend et al., 2015) could both have been caused 
by GSRW.  
From GOM hydrodynamics, bloom timing, and experiments in Pseudo-nitzschia 
physiology, it is plausible that the P. australis cells observed in the Bay of Fundy and 
near eastern Maine in 2016 were carried in with a GSRW intrusion. The intrusion was 
observed in Jordan Basin in July. Assuming an average current speed of 10 cm s-1, it 
would have taken one to two months for this water to circulate the basin and transit to 
the Bay of Fundy, where elevated DA concentrations led to shellfishery closures in early 
September 2016. Therefore, there was more than enough time for the water mass to advect 
to the bloom region, where it would be mixed into the upper water column by strong tidal 
pumping in those areas. Notably, this would also require a departure from the 
climatological circulation pictured in Figure 2-1, which is possible in the event of an 
anomalous water mass intrusion. Because the anomaly in Jordan Basin was observed at 
250m, any Pseudo-nitzschia cells associated with this water mass would have been deep 
in the water column, and the question remains whether the cells can survive at depth for 
an extended period of time. In a recent experiment, Pseudo-nitzschia spp. cultures (species 
not specified) were able to survive more than 6 weeks of complete darkness and resume 
growth with no lasting effects (Fang and Sommer, 2017).  
Continuous plankton recorder (CPR) data from offshore and from on the Scotian Shelf in 
2016 were examined to look for offshore peaks in large Pseudo-nitzschia cell 
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concentrations, but none were found (refer to Appendix A for plots of CPR data). This 
does not completely rule out the North Atlantic as a source, however, because the CPR 
data had coarse temporal resolution and samples were only taken from the surface, so 
sub-surface populations would not have been detected. The intrusion hypothesis can 
therefore be neither refuted nor confirmed, and remains a possibility. 
2.4.4.3 Hydrodynamics as drivers of the 2016 bloom 
The cumulative upwelling index (CUI) gave important clues to the timing of the 2016    
P. australis bloom. Wind direction has been shown to influence alongshore transport in 
the GOM: in 2010, strong upwelling-favorable winds in combination with a weak dynamic 
height gradient led to weak alongshore flow, reducing the alongshore extent of an              
A. catenella bloom (D. J. McGillicuddy et al., 2011). In 2016 the CUI began at a minimum 
in May and rapidly climbed to outpace every other year except 2013 (Section 2.3.5).  
Upwelling-favorable winds in 2016 may have reduced alongshore transport and led to 
Pseudo-nitzschia retention in the Bay of Fundy, where DA in excess of 20 "g g-1 of shellfish 
tissue was recorded from September 16–30 (Canadian Food Inspection Agency).  
A rapid switch from upwelling-favorable to downwelling-favorable winds occurred from 
September 23rd to 27th, potentially accelerating alongshore flow and cell transport (Franks 
and Anderson, 1992). Shellfish closure timing aligned with alongshore transport time: 
shellfisheries in Cobscook Bay on the Canadian border were closed on September 27th, 
2016, and shellfisheries at Mt. Desert Island 95km away were closed 3 days later, on 
September 30th, 2016 (Rappaport, 2016). In addition, there were recalls of mussels and 
mahogany quahogs harvested near Jonesport, ME between September 25 and 30 and 
clams harvested near Corea, ME between September 28 and 30. From NERACOOS buoy 
I, the average surface current speed in 2016 was 0.3 m s-1. Assuming this average, it would 
take less than a day for alongshore currents to transport cells from the Bay of Fundy to 
Cobscook Bay, and about 4 days for them to transport cells to Mt. Desert Island. These 
 54 
timelines and calculations are estimates, but they suggest that the shift from upwelling-
favorable to downwelling-favorable winds on September 23rd–27th was a factor in bloom 
timing on the coast of Maine. 
2.5 Conclusion 
This paper (published in Harmful Algae, Clark et al. 2019) builds on the work of 
Fernandes et al. (2014) by analyzing the spatial and temporal patterns in Pseudo-nitzschia 
species composition in the GOM. ARISA was used to identify 11 species from ship survey 
and time series samples in 2012, 2013, 2014, 2015, and 2016. Pre-2016, observed Pseudo-
nitzschia blooms followed consistent biogeography in the GOM, with P. plurisecta inshore 
and P. seriata and P. delicatissima offshore. In addition, pDA concentrations increased 
with cell concentrations, toxic species relative abundance, and as a result of inter-species 
variation in cellular DA quotas. 
Spatial, seasonal, and interannual variability in species composition and absolute cell 
abundance may have been influenced by seasonal and interannual variations in upwelling 
winds, North Atlantic inflows, cumulative river discharge, and alongshore transport. The 
effects of these regional patterns may have been modified by local variations in 
temperature, salinity, nutrient concentrations, and nutrient ratios, but in contrast to 
several other studies (e.g., Kaczmarska et al. 2007) no significant correlations between 
individual species and environmental factors, individual species and pDA, or 
environmental factors and pDA were found. Increased relative abundance of toxic species 
led to increased pDA, but DA concentrations were likely caused by a combination of 
species composition and environmental factors.   
Of particular interest was the 2016 P. australis bloom. This was the first known 
observation of P. australis in the GOM, and it was the first time in GOM history that 
shellfisheries were closed because DA concentrations exceeded the regulatory limit (Bates 
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et al., 2018). Particulate DA concentrations reached 37.5 "g L-1 in 2016, which is 
comparable in magnitude to DA that has been measured on the west coast of the U.S. 
during Pseudo-nitzschia blooms. The high pDA in 2016 is attributed to the presence of  
P. australis in combination with low Si*. The source of P. australis is still unclear; we 
hypothesize that the species was carried in on an anomalous water mass in 2016, but more 
investigation is needed to determine the origin of these toxic cells, as well as the extent 
to which they persist within the GOM. Continued monitoring is essential both to improve 
the understanding of Pseudo-nitzschia bloom dynamics in the GOM and for the protection 
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3 Investigating Pseudo-nitzschia 
australis introduction to the Gulf of 




The harmful algal genus Pseudo-nitzschia is a lightly-silicified diatom of growing global 
presence and increasing concern (Bates et al., 2018; Trainer et al., 2012). Species of the 
genus are often described as “cosmopolitan” because they can persist in a wide range of 
temperature conditions (Hasle, 2002), and because their distributions span estuaries, 
coastal environments, and the open ocean (Bates et al., 2018). Some Pseudo-nitzschia 
species produce domoic acid (DA), a neurotoxin responsible for Amnesic Shellfish 
Poisoning. More than 52 Pseudo-nitzschia species have been identified worldwide, and at 
least half are confirmed DA producers (Bates et al., 2018).  
In 2016 in the Gulf of Maine (GOM), DA concentrations exceeded the regulatory limit of 
20 "K DA KBC of shellfish tissue, leading to the first regional DA-induced shellfishery 
closures (Bates et al., 2018; Clark et al., 2019; Hubbard et al., 2017; Lewis et al., 2017). 
The bloom began in the Bay of Fundy in late September, 2016, and progressed along the 
coast of Maine, continuing into the second week of October. Fourteen Pseudo-nitzschia 
species had been identified in the region prior to the DA event (Fernandes et al., 2014), 
but the record DA concentrations were caused primarily by the novel appearance of         
P. australis (Clark et al., 2019). 
In observations from the 2016 DA event, neither cell concentrations nor relative species 
abundance correlated with various environmental parameters (temperature, salinity, 
nitrate, ammonium, silicic acid, phosphate, or nutrient ratios). In addition, except for 
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salinity, environmental parameters were not significantly different in 2016 compared to 
previous years (2012–2015) (Clark et al., 2019). Salinity was significantly higher in 2016 
compared to the four previous years (0.4–1.5 PSU greater), but the salinity difference was 
not enough to result in improved growth conditions based on the literature for P. australis.  
An alternative explanation to changing environmental conditions for the novel bloom in 
2016 is that P. australis was introduced to the region in a process linked to the 
anomalously saline conditions in the GOM (Clark et al., 2019). Of the primary source 
waters flowing into the GOM, Gulf Stream Ring water (GSRW) is saltier than Slope 
Water or Scotian Shelf Water (Townsend et al., 2015). Previous studies have shown that 
GSRW can contribute to or modify Northeast Channel inflows (Brooks, 1987), and 
measurements at NERACOOS Buoy M suggested the presence of GSRW in the GOM 
interior in July 2013 (Townsend et al., 2015) and again in July 2016 (Clark et al., 2019). 
GSRW is not the only potential source for anomalously saline water, however. From 1990 
to 2015, Brickman et al. (2018) observed near-bottom anomalies upstream on the Scotian 
Shelf that alternate between warm and saline or fresh and cool. With a model they showed 
that such anomalies form due to interactions between the Gulf Stream and Labrador 
Current off of the Grand Banks in the North Atlantic Ocean, propagate toward the 
southwest, and can penetrate into the GOM via the Northeast Channel. Based on both 
observations and model results, Brickman, et al. argued that warm/saline anomalies 
increased in frequency and magnitude from 2006 to 2015.  
The correspondence of P. australis and an anomalous water mass is not without 
precedence. In 2015, a P. australis bloom on the West Coast of the United States led to 
record-breaking DA concentrations in Monterey Bay, CA (Ryan et al., 2017). The bloom 
occurred during the North Pacific Ocean Warm Anomaly, during which sea surface 
temperatures were more than 2.5℃ higher than the long-term average (McCabe et al., 
2016). The anomalously warm water is thought to have contributed to the bloom, either 
as a primary factor (McCabe et al., 2016) or as a contributing factor along with 
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intermittent upwelling (Ryan et al., 2017). Thus, the anomalies observed in recent years 
in the GOM region (increased salinity along the coast of Maine and in Jordan Basin (Clark 
et al. 2019), and warm, saline anomalies on the Scotian Shelf (Brickman et al. 2018)) may 
relate to the introduction of P. australis. 
This study (submitted to Continental Shelf Research) uses field data, a hydrodynamic 
model, and a Lagrangian particle tracking model to address the following questions: 
• What are the most likely sources of P. australis to the Gulf of Maine? 
• Was the connectivity from potential source regions to the Gulf of Maine different 
in 2016 compared to previous and subsequent years? 
• Do model results indicate differences in hydrographic conditions in the Gulf of 
Maine that may have affected P. australis bloom timing, location, or distribution?  
The following sections describe the study site, field data, hydrodynamic model, and 
particle tracking model and analysis. Simulations of the hydrodynamics and Lagrangian 
transport are compared for the years 2012–2019, with a focus on 2016. We evaluate 
hypotheses for P. australis introduction, effects of changing hydrodynamics on the 2016 
bloom, influences of Scotian Shelf processes on the GOM in 2016, potential links to other 
P. australis populations in the North Atlantic, and implications of this research for future 
studies and monitoring practices. 
3.2 Methods 
3.2.1 Study Site – The Gulf of Maine 
The GOM lies between Cape Cod, MA, USA at 42°N and the Bay of Fundy, Canada at 
44.5°N (Figure 3-1). Sea surface temperatures range from 6℃ in the winter to 22.5℃ in 
the summer, and salinity ranges from 29 near the coast to 33.5 offshore (Li and He, 2014). 
It is considered a gulf because its offshore boundaries, Georges Bank and Browns Bank, 
are shallower than 100m, while its three major basins – Georges Basin, Jordan Basin, and 
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Wilkinson Basin – are deeper than 200m (Townsend et al., 2006). Gulf inflows occur via 
the Northeast Channel and south of Nova Scotia. The general circulation around the 
GOM is cyclonic, and outflows occur via the Great South Channel and the Northeast 
Channel (Brooks, 1985; Lynch et al., 1997; Pettigrew et al., 2005; Xue et al., 2000). Water 
properties in the GOM interior are set by the water mass properties at the inflow locations: 
Northeast Channel deep inflows are a mix of relatively warm and salty Warm Slope Water 
and slightly cooler and fresher Labrador Slope Water, while Nova Scotia surface inflows 
are made up of cool, fresh Scotian Shelf Water (Smith et al., 2012; Townsend et al., 2015). 
3.2.2 Field Data 
The Department of Fisheries and Oceans Canada (DFO) has conducted annual summer 
surveys of the Scotian Shelf since 1970. In 2016, the survey was conducted from June 28 
to Aug 15, and a total of 250 stations were sampled with Conductivity-Temperature-
Depth (CTD) profiles (Figure 3-1). At the surface, 50m, 100m, and the bottom, 
temperature and salinity values were interpolated onto a 0.2-by-0.2 degree grid via optimal 
interpolation (Hebert et al., 2018).  
Buoys from the Northeastern Regional Association of Coastal Ocean Observing Systems 
(NERACOOS) have recorded temperature, salinity, conductivity, potential temperature, 
air temperature, air pressure, and wind speed at hourly intervals since 2001 (Morrison, 
2019) (Figure 3-1). Instruments were positioned at 1, 20, and 50+ m below the surface 
(site-depending), allowing for characterization of the vertical structure of the water 
column at high temporal resolution. Salinity and temperature data from buoys N, M, and 
I from 2001–2019 were used to characterize water mass characteristics and climatology.  
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Figure 3-1 – (left) Climatological circulation of the GOM as described in Pettigrew et al. (2005) and 
adapted in Anderson et al., (2005)3. GOMCP stands for Gulf of Maine Coastal Plume, WMCC stands for 
Western Maine Coastal Current, and EMCC stands for Eastern Maine Coastal Current. Two-letter 
abbreviations are for Massachusetts (MA), New Hampshire (NH), and Nova Scotia (NS). (right) Map of 
the Gulf of Maine showing the ROMS domain (blue box), the Scotian Shelf portion of the ROMS domain 
(red shaded box), NERACOOS buoys (green circles), Halifax Station 2 (magenta circle), 2016 DFO 
survey locations (grey diamonds), transects for analysis (red lines), and particle analysis regions (solid 
blue boxes are sources and destinations, while dashed blue boxes are destinations only). The contour lines 
inside the ROMS domain are drawn at 25m, 50m, 75m, every 100m to 1000m, and 2000m.  
 
3.2.3 Models 
3.2.3.1 Hydrodynamic Model 
The Regional Ocean Modeling System (ROMS) is a free-surface, hydrostatic, primitive 
equation circulation model with split-explicit time-stepping for the baroclinic and 
barotropic modes (Shchepetkin and McWilliams, 2005). It has been applied to the GOM, 
where it is used annually to forecast A. catenella blooms (He et al., 2008). The GOM 
ROMS configuration includes 36 terrain-following sigma layers, 1-km resolution inshore, 
and 3-km resolution offshore. The model domain stretches from Georges Bank and Cape 
                                                        
3 This figure was published in Deep-Sea Research II, Vol 52, Anderson, Donald M., Keafer, Bruce A., 
McGillicuddy, Dennis J., Mickelson, Michael J., Keay, Kenneth E., Libby, P. Scott, Manning, James P., 
Mayo, Charles A., Whittaker, David K., Hickey, J. Michael, He, Ruoying, Lynch, Daniel R., Smith, 
Keston W. “Initial observations of the 2005 Alexandrium fundyense bloom in southern New England: 
General patterns and mechanisms.” p. 2858, Copyright Elsevier (2005) 
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Cod in the Southwest to the Bay of Fundy and Halifax in the Northeast (Figure 3-1), 
encompassing 38 to 47°N and 61 to 73°W. 
Three-dimensional temperature, salinity, and velocity, and two-dimensional sea surface 
height from HYCOM (HYbrid Coordinate Ocean Model)4 were interpolated to the ROMS 
grid to create initial and boundary condition files. HYCOM experiment GOFS3.0, with 
33 vertical layers and 1/12° horizontal resolution, was used for 2012–2018, while GOFS3.1, 
with 41 vertical layers and 1/12° horizontal resolution, was used for 2019, because 
GOFS3.0 was only available through November 2018. HYCOM utilizes hybrid vertical 
coordinates, with isopycnal vertical layers in the open stratified ocean, terrain-following 
sigma layers in the coastal ocean, and z-coordinates in unstratified areas. HYCOM also 
assimilates data from the Navy Coupled Ocean Data Assimilation (Cummings, 2005) and 
estimates surface fluxes with bulk parameterization and data from the Navy Operational 
Global Atmospheric Prediction System (NOGAPS).  
Atmospheric forcing in the GOM ROMS was parameterized via bulk formulation with 
data from the North American Regional Reanalysis (NARR)5, which assimilates data from 
various sources to calculate air temperature, air pressure, wind speed, cloud fraction, long- 
and shortwave radiation, relative humidity, and precipitation. Output resolution was        
6 hours and 1/6°. Five rivers are included in the GOM ROMS forcing files as volumetric 
transport (m3 s-1) as measured by the U.S. Geological Survey6: (in order of decreasing 
transport) St. John River, Penobscot River, Kennebeck River, Androscoggin River, and 
Merrimack River. A volumetric adjustment was added during forcing file generation to 
account for drainage area downstream of the gauge. 




6 http://waterdata.usgs.gov  
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For each year from 2012 to 2019, GOM ROMS was initialized in February and run 
through December. These years were chosen to compare four non-P. australis years  
(2012–2015) with the four years after P. australis’ first appearance (2016–2019). Each 
year was initialized with HYCOM output to reduce potential error caused by model drift 
over time. Because of strong tidal variability in the region, model results were saved hourly 
for use with the particle tracking model.  
3.2.3.2 Particle Tracking Model 
The Lagrangian TRANSport Model (LTRANS) is an offline, three-dimensional particle 
tracking model (North et al., 2008, 2006; Schlag and North, 2012; Hunter 2020). It reads 
in the output from ROMS and calculates particle trajectories through a combination of 
advection (4th Order Runge-Kutta advection scheme), turbulence, and particle behavior. 
Turbulence was parameterized with a random walk model in the horizontal and a random 
displacement model in the vertical, with horizontal diffusivity set to 2 m2 s-1 and vertical 
diffusivity taken directly from ROMS. Particles in these simulations were passive and 
neutrally buoyant. LTRANS operates on the native ROMS grid, using bilinear 
interpolation in the horizontal and spline interpolation in the vertical to interpolate 
velocities, temperature, and salinity to sub-grid scales. Land-ocean boundaries are 
reflective, as is the surface boundary, and open ocean boundaries allow particles to escape 
the domain, but not reenter. For all experiments listed below, the internal time step for 
particle movement was two minutes, the external time step (from GOM ROMS) was one 
hour, and particle tracking results were saved every 6 hours.  
3.2.3.3 Particle Tracking Experiments 
A series of reverse and forward particle tracking experiments were designed to explore 
three related questions: (1) what are the most likely source regions for P. australis,          
(2) which of the source regions had the strongest connectivity to locations where 
contaminated shellfish and P. australis were observed, and (3) was the connectivity from 
source regions to the GOM different in 2016 compared to previous and subsequent years?  
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LTRANS was run “in reverse” by multiplying the velocities by -1 and reversing model 
fields (salinity, temperature, and velocity) with respect to time. The accuracy of this 
method was checked by plotting individual particle tracks without turbulence in the 
reverse and forward runs and ensuring that they matched. Particles were seeded at each 
of the 2016 ship survey sample locations in Clark et al., (2019) at 1m, 10m, and 20m, in 
accordance with sample depths. 2,000 particles total were released at each unique (x,y,z) 
location, according to the method outlined in Simons et al. (2013). The particles were 
distributed evenly with one release at each location every 6 hours during the period of 
shipboard observations (Oct 5 00:00 to Oct 7 18:00) for a total of 420,000 particles. In 
addition to focusing on the timing of the 2016 ship survey, this release time period was 
sufficient for capturing the stochasticity of reverse connectivity, as the particle tracks fully 
sampled the known inflow pathways in the region (Section 3.3.2.1). The experiment was 
repeated in each year from 2012 to 2019 and run backward to the beginning of June (120 
days). 
The forward experiments were designed to complement, and were guided by, the reverse 
experiments. A preliminary analysis of the reverse experiment pointed to the inner Scotian 
Shelf and Northeast Channel as the two most likely source regions for P. australis. For 
each forward experiment, a latitude-longitude point was made the center of a square with 
side lengths that were chosen to encompass the region of interest (see Figure 3-1). Particles 
were randomly distributed horizontally within the square at a density of 3 particles km-2, 
which was informed by the methods in Simons et al. (2013). At each (x,y) point, particles 
were released at the bottom, at mid-depth, and at 50m, 25m, and 1m. Particles were 
released every six hours for 3 days starting at midnight on July 15, August 1, and 
September 1 of each year and experiments were run through October 5. A six-hour release 
interval was chosen to avoid aliasing the tidal signal, and the three months were chosen 
to include mesoscale and other low-frequency variability. At the Northeast Channel 
(NEC) 9,375 particles were released at one time, and on the inner Scotian Shelf (SS) 
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15,360 particles were released at one time. This totals 121,875 (NEC) or 199,680 (SS) 
particles per location-release, 365,625 (NEC) and 599,040 (SS) particles per location (July, 
August, and September combined), 964,665 particles per year (2 locations and 3 release 
times), and 7,717,320 particles in all.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
Table 3-1 - Locations of particle releases for the forward experiments. 
Release Location Center latitude/longitude Region Side length (km) 
Inner Scotian Shelf  43.4, -64.7 32 
Northeast Channel  42.3, -66.0 25 
 
3.2.4 Data Analysis 
3.2.4.1 Field Data and ROMS 
To see if the hydrographic conditions or transport pathways were distinct in 2016, both 
model output and observations were used to plot water mass properties, velocity, 
transport, and vertical water column structure.  For all analyses, ROMS output was 
extracted from the nearest grid cell to the location, rather than interpolated.  
On the Scotian Shelf, ROMS surface and bottom salinity and temperature were averaged 
over the region between 42.55°N and 44.64°N and 65.53°W and 62.01°W (Figure 3-1).  
Stratification was defined as the difference in average potential density between the 
bottom and the surface. 
ROMS results were further analyzed as transects. Four transects were chosen to capture 
various upstream locations from the 2016 sample site, where “upstream” was determined 
by knowledge of the climatological circulation and the results from the reverse particle 
tracking simulations. The four transects were on the Scotian Shelf (64.66°W, 44.00°N to 
63.62°W, 42.9°N), south of Nova Scotia (66.57°W, 42.62°N to 66.02°W to 43.69°N), across 
the Northeast Channel (66.11°W, 42.02°N to 65.66°W, 42.37°N), and across the mouth of 
the Bay of Fundy (67.16°W, 44.68°N to 66.26°W, 44.11°N) (Figure 3-1). ROMS ? and E 
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velocities were projected in the alongshore direction according to the angle of the coast 
relative to East such that ? > 0 was toward the GOM. In the Northeast Channel, 
velocities were projected parallel to the channel walls. Transport toward (away from) the 
GOM was calculated via 




where D is each grid cell where ? > 0 (? < 0), ? is the alongshore component of the 
velocity in grid cell D, 3O is the grid cell cross-sectional area, and R is the total number of 
grid cells where ? > 0 (? < 0).  
Salt transport was calculated via  




where SO is the salinity in grid cell D. Transport estimates were filtered with a weekly 
running mean before plotting to reduce the tidal signals. 
3.2.4.2 LTRANS 
Particle Density and Particle Probability 
To compare connectivity between one source region and multiple destination regions, 
particle density was calculated by dividing the sum of all particles in the destination 
region by the region area (6T, where 6 is the side length defined in Table 3-1). This method 
was chosen to enable comparisons between regions of different sizes. The destinations for 
the reverse run, the inner Scotian Shelf (43.4°N, 64.7°W, 6 = 32km) and Northeast 










where YO is the total number of particles initially released from the source region. The 
destination regions were the Bay of Fundy, centered on 44.7°N, 66.4°W, with a side length 
of 50km, and the eastern Maine coast, centered on 44.2°N, 67.9°W, with a side length of 
45km (Figure 3-1). The Bay of Fundy was chosen because it was where the 2016 bloom 
was first observed. The location along the eastern Maine coast was based on the 2016 ship 
survey location in Clark et al. (2019) and subsequent reports of shellfishery closures in 
eastern Maine. 
Growth Delivery Potential 
An estimate of potential growth for P. australis as a function of temperature was 
calculated for those particles that were in the Bay of Fundy at any point between 
September 5 and September 19, the two weeks leading up to when shellfish toxicity 
exceeded the regulatory limit (Canadian Food Inspection Agency, 2016). Growth rates 
were also estimated for particles in the Bay of Fundy between September 12 and 19, and 
results were similar to the two-week time period.  
Temperature-based laboratory growth rates were measured for a Gulf of Maine                 
P. australis isolate obtained from the 2016 toxic bloom. The isolate was maintained with 
batch cultures in sterile GOM seawater (salinity 33) amended with f/4 nutrients at 13℃ 
under a 12:12-hour light:dark cycle with cool-white light at ~150 µmol photons m-2 s-1. 
For acclimatized growth rates, cultures were transferred to a thermal-gradient device 
(Blankley and Lewin, 1976) while keeping other growth conditions the same. Growth was 
monitored by measuring in vivo fluorescence daily with a Turner AU-10 Fluorometer 
(Turner Designs, San Jose, CA). After reaching steady state growth (i.e., for                        
3 generations) at 13℃, cultures were similarly acclimatized to additional temperatures       
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(7, 9, 11, 13, and 15℃) using a stepwise increase or decrease of 2℃. If positive growth was 
achieved for a given temperature, cultures were transferred to a new temperature after 
three generations, even if they were not in steady state.  
To calculate per-particle potential daily growth, each particle’s along-track temperature 
was extracted on days when it was entirely in the euphotic zone (defined as 100m 
according to the data on NASA’s Earth Color Website7) and averaged over the entire day. 
Euphotic zone depths of 50 and 75m were also tested with no discernible changes to the 
results. Growth rate at each daily temperature was assigned via linear interpolation of the 
growth curve. On days when the particle exited the euphotic zone, the growth rate was 
set to zero.  
Per-particle average potential daily growth rate was calculated over each particle’s 
trajectory by dividing the sum of daily potential growth rates by the number of days in 
the experiment. Interannual comparisons of the distributions of average potential daily 
growth rate were done with the Kolmogorov-Smirnov test. This pair-wise test compares 
the maximum difference between two empirical distributions to a theoretical maximum 
difference to determine the likelihood that the two samples are from the same distribution. 
It does not assume normal distribution. 
3.2.5 Model Validation 
ROMS has been used for many years to study circulation and A. catenella (formerly        
A. fundyense) blooms in the Gulf of Maine (Fennel and Wilkin, 2009; He et al., 2008; Li 
et al., 2015, 2009; López et al., 2020; McGillicuddy et al., 2011). From a comparison 
between ROMS data and coastal CTD casts and NERACOOS moorings, Li et al. (2009) 
found that the model accurately captured surface and sub-surface temperature, salinity, 
and velocity to reproduce the general hydrodynamics along the coast on monthly and 




seasonal time scales, but that it missed processes on an event-by-event basis and at local 
scales. Our analysis agrees with this assessment. 
ROMS accurately depicted the GOM’s climatic circulation, with cyclonic circulation in 
the gulf interior, anticyclonic circulation around Georges Bank, inflows via Nova Scotia 
and the Northeast Channel, and outflows via the Northeast Channel and Great South 
Channel (Figure 3-2, compare with Figure 3-1). The model also depicts the episodic nature 
of Northeast Channel inflows: at depth (>100m) near NERACOOS buoy N, both ROMS 
and the observations show changes in salinity up to 2 PSU and changes in temperature 
up to 6℃ in as little as a week (Figure 7-1 in Appendix B). The model also captures 
seasonal and spatial patterns in sea surface temperature: time series of model output vs 
NERACOOS Buoy measurements and Halifax Station 2 are in good agreement (Li et al., 
2009). On the Scotian Shelf, ROMS estimates of water mass properties were in general 
agreement with observations from the 2016 DFO Summer Survey (Figure 3-3). 
ROMS captures key features that are relevant to the research questions in this study. 
Because the model captures the alongshore flow along the coast of Maine, bloom 
progression and P. australis connectivity in the gulf interior can be addressed. With the 
model’s representation of Northeast Channel and Nova Scotia inflows, the P. australis 
gulf introduction hypothesis can be tested. Third, because the model captures both high 
salinity pulses at the Northeast Channel and the location and magnitude of the observed 
near-bottom salinity on the Scotian Shelf in 2016 (Figure 3-4), potential origins of the 
high salinity signal near the coast of Maine in 2016 (Clark et al. 2019) can be explored. 
Point comparisons between the observations and ROMS output revealed local inaccuracies 
in model predictions, which emphasize the need to focus on long-term, low-frequency 
processes. In some instances, ROMS inaccurately simulated salinity: at Halifax Station 2, 
surface salinity in the model was more saline than observations by 1 PSU on average (up 
to 1.8 PSU, Appendix B Figure 7-3), while salinity at depth was fresher than the DFO 
observations (Figure 3-4). The disagreement at depth could be partly due to the scarcity 
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of nearshore observations in the survey, but inshore salinity values in ROMS were often 
fresher than observations. However, ROMS represented the key spatial gradients in the 
salinity distribution: increasing salinity with depth and with distance from shore. At 
NERACOOS buoy I, 50m modeled salinity was fresher than observations by up to 1.3 
PSU, but 1m modeled salinity agreed with the observations (Appendix B Figure 7-4). 
Finally, ROMS did not capture the rapid increase in salinity (~0.5 PSU over 6 days) 
observed at 250m at NERACOOS Buoy M in July 2016 (Clark et al., 2019). However, as 
mentioned above, ROMS did have rapid changes in salinity at the Northeast Channel and 
episodic salinity inflows, which are the processes thought to drive the rapid salinity 
increase at Buoy M. 
For the purposes of this paper, ROMS is used to draw relative comparisons between years 
and locations, because large-scale, low-frequency flow is accurate in spite of local 
disagreements. In addition, large-scale patterns in salinity allow for analysis of nearshore 
vs. offshore inflow routes and water mass changes with depth. The model is also used to 
assess interannual variations in connectivity, inflows through the Northeast Channel, and 
water mass properties on the Scotian Shelf, to compare 2016 to the other years from 2012 




Figure 3-2 – Year-long averaged (left) surface and (right) bottom circulation in the Gulf of Maine in 2016 
as simulated by ROMS. The output grid was decimated by a factor of ten before plotting. The scale of the 
velocity arrows is given in the bottom right. 
 
Figure 3-3 - ROMS (red) and DFO (blue) temperature vs. salinity on the Scotian Shelf at (clockwise from 
top left) the surface, 50m, the bottom, and 100m. ROMS data were extracted from the nearest grid point 
to the DFO sample location. 
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Figure 3-4 –(left) Scotian Shelf bottom salinity as measured during the DFO Summer Survey in July, 2016. 
Black points indicate sample locations, and values are indicated by the color bar on the right. Spaces between 
sample locations were filled via optimal interpolation; (right) Bottom salinity as simulated by ROMS on 




3.3.1 Hydrodynamics from ROMS Output and Observations 
3.3.1.1 Water Mass Properties 
From the DFO survey in July 2016, bottom waters on the Scotian Shelf were anomalously 
warm (up to 4℃) and saline (up to 0.7 PSU) relative to the 1981–2010 climatology (Figure 
3-5). Summer water mass properties are relevant to the fall bloom because of transport 
time scales (Section 3.3.2.1). Although ROMS did not capture the exact location of the 
anomalies, the model had relatively high saline water (36 PSU) at a similar location to 
the observations (south of Halifax), as shown in Figure 3-4. Along with the increased 
salinity at depth, modeled sea surface salinity decreased on the Scotian Shelf in 2016 
compared to previous years (Figure 3-6): the annual average was lowest in 2017 and 
second-lowest in 2016 during the 8-year time period, with yearly minima in August 2016 
and July 2017. Similarly, at Halifax Station 2, surface salinity (5–20m) in 2016 decreased 
below any other year in the 8-year time period besides 2013, and mid-depth salinity      
(50–100m) in 2016 and 2017 was less variable than in the other 6 years studied (Appendix 
B Figure 7-8). However, given that the temporal resolution of the 2016 observations was 
coarser than in the other years from 2012 to 2019, it is difficult to assess the significance 
of these changes. 
3.3.1.2 Transport 
At the same time and location that positive salinity anomalies were observed on the 
Scotian Shelf in July 2016, modeled volume and salt transport toward the GOM increased 
as a result of increased velocities and increased salinity (Appendix B Figure 7-9). When 
the salt transport was calculated with just data from offshore (>80km from the coast), 
the results were qualitatively similar to the full transect. This occurred simultaneously 
with the decreased sea surface salinity (Figure 3-6), so the overall increase in salinity 
transport suggests that the offshore, deep salinity anomalies (Figure 3-5) dominated the 
transport signal. (The potential relationship between increased bottom salinity yet 
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decreased nearshore surface salinity in July 2016 is discussed more in Section 3.4.3.) In 
addition, salt transport was calculated at additional transects downstream of the Scotian 
Shelf transect (not pictured in Figure 3-1), and increased velocity and salt transport were 
consistent features along the shelf in mid-July 2016 (not shown). This suggests an anomaly 
that propagated along the outer shelf. 
  
Figure 3-5 - Anomalies relative to the 1981–2010 climatology for (left) salinity and (right) temperature on 
the bottom of the Scotian Shelf in July 2016 as measured by the annual DFO Summer Survey. Color values 
are given by the color bars on the right of each plot. 
 




3.3.2 LTRANS  
The next section focuses on connectivity and potential growth estimates from the particle 
tracking experiments, with an emphasis on the August release. August was chosen as an 
illustrative release date, because the connectivity time scale from the October 2016 sample 
region to the inner Scotian Shelf and Northeast Channel in the reverse simulation was  
30–60 days (see below), or early August.  
3.3.2.1 Connectivity 
The 2016 LTRANS reverse simulation indicates connectivity from the 2016 sample region 
to the Northeast Channel and the inner Scotian Shelf (Figure 3-7). Connectivity was 
quickest to the Northeast Channel, rising at about 20 days post release in early/mid-
September, while connectivity to the inner Scotian Shelf increased about 30 days post 
release, or late August/early September (Figure 3-7). Coastal connectivity to the inner 
Scotian Shelf was roughly consistent once established. Meanwhile, connectivity to the 
Northeast Channel was more episodic, with peaks near 20, 30, 45, and 65 days, possibly 
due to the highly variable nature of Northeast Channel inflows. Connectivity to the 
Northeast Channel was greater than to the inner Scotian Shelf via the coast, but the 
majority of particles that initially passed through the Northeast Channel ultimately 
continued upstream onto the outer Scotian Shelf (Figure 3-7). Therefore, regardless of 




Figure 3-7 – (top) Particle tracks from the 2016 reverse simulation on a planar map of the Gulf of Maine. 
Tracks are color-coded by the first origin region the particle passed through: (blue) inner Scotian Shelf or 
(yellow) Northeast Channel. The thick brown contour indicates the shoreline, the thick black contours 
indicate 100m and 500m, and the thin black contours indicate 25m, 50m, 75m, every 100m to 1000m, 
2000m, and 3000m. (bottom) Particle density for each of the potential transit regions (blue =inner Scotian 
Shelf; yellow = Northeast Channel) vs day since release from the 2016 reverse simulation. Particle densities 
are shown, rather than probabilities, because the Northeast Channel area is smaller than the inner Scotian 
Shelf area. 
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The forward simulations complement the reverse simulations by illustrating connectivity 
between each source region and the Bay of Fundy, where toxicity was first observed in 
2016, and the eastern Maine coast, where P. australis was observed in water samples 
(Bates et al., 2018; Clark et al., 2019). Regardless of release time, particles were more 
likely to pass through the Bay of Fundy if released from the inner Scotian Shelf than the 
Northeast Channel. In 2016 this difference was up to an order of magnitude (Figure 3-8), 
and for all 8 years it ranged from a factor of 2 to a factor of 8 (Figure 3-9). In contrast, 
the likelihood of reaching the eastern Maine coast was within the same envelope of 
variability for particles released on the inner Scotian Shelf and in the Northeast Channel 
in all years (Figure 3-8, Figure 3-9). On average, about 70% of the particles released on 
the inner Scotian Shelf that passed through the Bay of Fundy also passed along the eastern 
Maine coast. Connectivity varied interannually (Figure 3-9), but from neither the inner 
Scotian Shelf nor the Northeast Channel did particles in 2016 have an increased 
probability of reaching either the Bay of Fundy or the eastern Maine coast relative to 
other years from 2012 to 2019. In addition, weekly variability in connectivity was as large 
as interannual variability: in a series of tests for 2016, connectivity differences between 
release dates August 1st, 7th, 14th, and 21st were as large as connectivity differences among 
the August 1st releases in all 8 years (not shown). Interannual differences are therefore 
considered insignificant in this context. 
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Figure 3-8 - Probability of a particle being in the Bay of Fundy (left) or E. Maine (right) vs. days since 
release as a function of release location (blue = inner Scotian Shelf; yellow = Northeast Channel) and 
release time (o = July 15; * = August 01; x = September 01) in 2016. 
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Figure 3-9 – Probability of being in the (top) Bay of Fundy or (bottom) E. Maine coast vs. days since 
release for particles released on August 1 on the inner Scotian Shelf (left) and in the Northeast Channel 
(right). Each year is represented by a different color, which is the same in all four plots. The vertical dashed 
line in the top plots indicates September 19, the time when toxic shellfish were first observed in the Bay of 
Fundy. 
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Because of their proximity to the coast, particles released from the inner Scotian Shelf 
were associated with warmer and fresher water than particles released in the Northeast 
Channel (Figure 3-10). On average, the particles released in August on the inner Scotian 
Shelf that passed along the eastern Maine coast were 0.8℃ warmer, 1.2 PSU fresher, and 
7m shallower than those released in the Northeast Channel that passed along the eastern 
Maine coast Table 3-2. In 2016, particles released on the inner Scotian Shelf that passed 
along the eastern Maine coast were typically 2℃ warmer, 0.6 PSU fresher, and 14m 
shallower than particles released in the Northeast Channel that passed along the eastern 
Maine coast (Table 3-2). 
Table 3-2 - Summary of average temperature, salinity, and depth (2016 mean and overall mean) for particles 
released from either the inner Scotian Shelf or the Northeast Channel that passed through the 2016 ship 
survey region. 
 Temperature Mean Salinity Mean Depth Mean 
Release Location Overall  2016 Overall  2016  Overall 2016 
Inner Scotian Shelf 11.3℃ 11.5℃ 32.1 31.8 33m 30m 






Figure 3-10 - Planar view of particle tracks in 2016 for particles released on August 1 from (left) the Scotian 
Shelf and (right) the Northeast Channel. Particle tracks are color-coded by (top) Salinity, or (bottom) 
Temperature, with the scale given by the color bars on the right. 
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3.3.2.2 Potential Growth 
Growth rates were measured in laboratory experiments for 7, 9, 11, 13, and 15℃ (Figure 
3-11). As evident by high standard error, cultures at 7 and 9℃ did not achieve steady 
growth. Nevertheless, they maintained positive growth at both temperatures for multiple 
transfers and thus mean – rather than acclimated – growth rates were calculated.  Growth 
rates were extrapolated beyond the 7–15℃ range using the rate of change of growth with 
temperature (0.02 d-1℃-1 if M<7℃ and -0.03 d-1℃-1 if M>15℃). These rates were derived 
from the growth response of P. australis maintained at 13℃ following short-term exposure 
to temperatures <7℃ and >15℃. To account for the variability across temperatures as 
well as the uncertainty associated with testing a single P. australis isolate, a  growth curve 
was fit to the growth rates at 4, 7, 9, 11, 13, 15, and 18℃ according to the function given 
in Thomas et al. (2012): 





M is the temperature in degrees Celsius,	W is the thermal niche width, and c is the location 
of the maximum of the quadratic portion of the function, or the temperature at which the 
growth curve is tangent to the Eppley Curve (Eppley, 1972). Parameter : is the growth 
rate estimate at 0℃, and F is the Eppley coefficient, or the slope of the growth curve 
where growth rate rises as a function of temperature. Parameters :, F, c, and W were fit 
within defined bounds. The bounds for : and F were [0,1], which was informed by the 
values given in (Norberg, 2004). The bounds for	c were [7,15] and the bounds for W were 
[10,20], which were based on the range of temperatures at which growth rates were 
measured. The best fit by nonlinear least-squares was achieved when :=0.198, F=0.0746, 
c=7, and W=15.75. These : and F values are the same order of magnitude as in Norberg 
(2004), and these c and W values are reasonable given the temperature values measured 
in laboratory experiments. The sum of squared errors from this fit was 0.0026. The full 
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growth curve is given in Figure 3-11 and the measured growth values are given with 
corresponding standard errors in Appendix B, Table 7-1.  
Because particles released from the inner Scotian Shelf were in warmer water, they had 
higher average potential growth rates than those released from the Northeast Channel 
(Figure 3-12). The largest potential growth rates generally occurred nearshore and in the 
Bay of Fundy, with occasional elevated growth rates farther offshore (not shown). The 
exception to this is the year 2012, the year of a marine heat wave (Pershing et al., 2015), 
when potential growth rates were higher at all locations and there was no cross-shore 
gradient (not shown). 
The Kolmogorov-Smirnov test indicated that potential growth rates from the inner 
Scotian Shelf were significantly higher than from the Northeast Channel, whether the 
growth rates were from all years combined or from 2016 individually. However, potential 
daily growth rates were neither significantly higher nor significantly lower in 2016 
compared to other years from 2012 to 2019, regardless of release location.  
 
Figure 3-11 - Growth rate as a function of temperature as measured in lab cultures. The blue points indicate 
values that were measured, and the error bars show standard error. The orange diamonds were estimated 
using a rate of change of growth rate with temperature as measured during short-term exposure experiments. 




Figure 3-12 – Histograms of particle-averaged potential growth rates in 2016 for particles released on the 
inner Scotian Shelf (top) and in the Northeast Channel (bottom) that were in the Bay of Fundy between 




3.4.1 Likely P. australis Introduction Pathway 
The LTRANS reverse results indicate a P. australis source region on the Scotian Shelf, 
and inflow routes via either the Northeast Channel or around the southern tip of Nova 
Scotia. The current along the latter inflow route is not well defined in the literature, 
having been referred to as both “an extension of the Nova Scotia Current” (Townsend et 
al., 2015) and the beginning of the Gulf of Maine Coastal Current (Pettigrew et al., 2005). 
This route will therefore be called the coastal route for simplicity. In 2016, particles 
released in the Northeast Channel were as likely to reach the eastern Maine coast as those 
released on the inner Scotian Shelf, the majority of which were transported along the 
coastal route (Figure 3-8). From this alone, both the Northeast Channel and the coastal 
route were equally likely inflow routes for P. australis cells in 2016. However, particles 
released from the Northeast Channel had a low probability of reaching the Bay of Fundy 
compared to those released from the inner Scotian Shelf (Figure 3-8). An additional reverse 
experiment was run with particles released just below the surface in the Bay of Fundy 
from September 12 to September 19, which was the period of shellfish closures in that 
region. It confirmed that particles in the Bay of Fundy were connected to the inner Scotian 
Shelf via the coastal route, but were not connected to the Northeast Channel       
(Appendix B Figure 7-12).  
In addition to connectivity, along-path temperature and salinity provide important 
context. Particles that entered the gulf via the Northeast Channel were generally in a 
higher salinity range (Figure 3-10) than those that entered via the coastal route. Although 
the salinity average was not as high as the coastal observations in Clark et al. (2019), it 
was closer to the 2016 observations than the average salinity of particles from the inner 
Scotian Shelf that followed the coastal inflow route. However, particles that entered via 
the coastal route were more likely to be between 7 and 15℃, the range in which the GOM 
strain of P. australis can sustain growth, than particles that entered via the Northeast 
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Channel. The highest potential growth values occurred near the coast and in the Bay of 
Fundy, where water is shallower and warmer. As a result, potential growth rates were 
higher for particles coming in via the coastal route than for those coming in via the 
Northeast Channel.  
Thus, there are arguments for and against both inflow routes, and particles entering both 
via the coastal route and the Northeast Channel connected to the eastern Maine coast. 
Northeast Channel particles were in a salinity range closer to the 2016 observations, but 
they lacked connectivity to the Bay of Fundy and were in relatively cool water. 
Meanwhile, coastal route particles had the strongest connectivity to the Bay of Fundy 
and were in a temperature range that promoted growth, but were in relatively fresh water. 
Despite the fact that the modeled salinity did not agree with the 2016 coastal observations, 
the warmer temperatures and connectivity to the Bay of Fundy mean that inflows via the 
coastal route were more likely to introduce P. australis than inflows via the Northeast 
Channel. In order for the cells to have been introduced to the Bay of Fundy before the 
first observation of toxic shellfish in mid-September 2016, they would have had to come 
from the Scotian Shelf sometime on or before early August 2016 and entered the Gulf of 
Maine near the coast of Nova Scotia. 
3.4.2 2016 in an Interannual Context 
A distinct aspect of the 2016 P. australis bloom compared to previous Pseudo-nitzschia 
blooms of other species in the Gulf of Maine is that it occurred in late September to 
October, while previous blooms associated with DA had occurred from July to early 
September (Clark et al., 2019; Fernandes et al., 2014). The September bloom could be 
related to a “marine heat wave” that took place in 2016 across the GOM and Scotian Shelf 
(Pershing et al., 2018). From ship observations in 2016 (Clark et al., 2019, Figure 10B), 
sea surface temperatures along the coast of Maine in early October 2016 were warmer 
than the 2001–2016 October mean as measured at NERACOOS Buoy I, and as many as 
half of the measurements were more than one standard deviation warmer than the      
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2001–2016 October mean. The average water temperature from the ship observations was 
13.5℃, which is near the optimal temperature for the tested strain of P. australis (Section 
3.3.2.2, Figure 3-11). Increased temperatures have also been associated with increased DA 
production on the U.S. West Coast (Trainer et al., 2020). Temperature has also been 
found to contribute to regime shifts between species of Pseudo-nitzschia near Denmark 
(Lundholm et al., 2010), and between zooplankton communities along the United States 
East Coast (Morse et al., 2017), although the shifts occurred over decades, not years. 
Therefore, increased temperatures may have been important for both growth and DA 
production in the GOM in 2016. The 2016 marine heat wave might also have selected 
against other organisms, whether competitive or predatory, to allow P. australis a greater 
chance to survive and grow. Water temperature effects on inter-community competition 
and long-term trends in the GOM are speculative and warrant further research. 
Warmer temperatures may have supported a later bloom and more particles with 
relatively high growth potential in 2016, but the connectivity and potential growth rates 
that year were not significantly different from the other years between 2012 and 2019. 
Although the warm temperatures could have provided favorable growth conditions at 
other locations within the Gulf of Maine, they did not correspond with improved growth 
delivery potential along the inflow routes. It should be noted that the growth model used 
here incorporated only temperature-dependent growth rates. Although growth rates as a 
function of salinity have been reported for other strains of P. australis (Ayache et al., 
2020), they are not currently available for this strain. In addition, other factors to growth, 
such as light availability, nutrients, and predation, have not been considered. This growth 
model is based only on temperature and on a single strain of P. australis. To improve our 
understanding of bloom dynamics in the region, growth rate estimates as a function of 
salinity, irradiance, and nutrients should be explored, as well as growth rates from 
different P. australis strains. Expanding the model, however, is beyond the scope of this 
study.  
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3.4.3 Changes Upstream  
3.4.3.1 Increased Bottom Salinity on the Scotian Shelf 
A notable change on the Scotian Shelf in 2016 was the increased bottom salinity in the 
summer, which was captured both by ROMS and by the DFO summer survey. Brickman 
et al. (2018) observed and modeled these anomalies from 1990 to 2015 and argued that 
they occur as a result of warm, saline Gulf Stream water cutting off cool, fresh Labrador 
Current water near the Grand Banks off the coast of Newfoundland, Canada. Positive 
anomalies increased in frequency from 2006 to 2015, leading to more positive temperature 
and salinity anomalies at depth on the Scotian Shelf, but this might be the result of 
interdecadal variability in the region, rather than an indicator of a long-term trend 
(Brickman et al., 2018).  
The timing of the increased salinity on the Scotian Shelf (Figure 3-4) and the connectivity 
from the Northeast Channel to the eastern Maine coast support the hypothesis that a 
salinity anomaly entered via the Northeast Channel. Brickman et al. (2018) estimated 
that salinity anomalies on the Scotian Shelf propagate southwest at about 150                  
km month-1. The distance from the Scotian Shelf transect (where the increased salt 
transport was observed) to the Northeast Channel is about 230km, which means that the 
observed pulse would have taken about 1.5 months (45 days) to travel from the transect 
to the Northeast Channel, arriving at the Northeast Channel in mid-to-late August. From 
the model output, salt transport toward the Gulf of Maine across the Northeast Channel 
in mid-August increased more than one standard deviation above the interannual mean 
(as it did on the Scotian Shelf) and remained elevated for about 5 days. This salt transport 
was not larger than all other years from 2012 to 2019, and some years besides 2016 had 
summer salt transports of similar magnitude, but 2016 was the only year with elevated 
summer transport on both the Scotian Shelf and the Northeast Channel. Meanwhile, 
connectivity between the coast and the Northeast Channel in the reverse experiment in 
2016 had a peak near 45 days post-release, or mid-August. This suggests that a water 
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mass that was present on the Scotian Shelf in July and entered via the Northeast Channel 
in August could have arrived at the coast of Maine by early October, in time to be 
observed during the 2016 ship survey.  
This discussion has focused on the timing of a particular anomaly observed in mid-July 
2016, but as described by Brickman, et al. (2018), multiple anomalies can form on the 
Scotian Shelf in a summer. Perfect timing is therefore not necessary for this introduction 
route to be plausible.  Transport time varies with depth as a function of velocity shear: 
transport time scales from the Northeast Channel to the eastern Maine coast were 
calculated as a function of particles’ initial depth and found to range from 45 days (surface 
to 50m release) to 90 days (bottom release). From the DFO survey data, anomalous 
salinity signals were present from 50 to 125m. Considering the range of possible depths 
and associated transport time scales, an anomaly passing through the Northeast Channel 
any time between early June and mid-August 2016 could explain the elevated salinity 
values at the coast. 
Brickman et al. also hypothesized that repeated salinity anomalies would, through an 
integrative effect, result in deeper on-shelf penetration via channels such as the Northeast 
Channel. Considering that 2016 followed several years of increased bottom salinity 
anomalies on the Scotian Shelf (Brickman et al., 2018), it is not unreasonable that an 
anomaly would have reached the coast of Maine in 2016, causing the high salinity values 
observed in Clark et al. (2019). Given these lines of evidence, the saline water mass that 
was observed on the coast of Maine in 2016 likely came from the Gulf Stream, propagated 
along the outer Scotian Shelf, and entered the GOM through the Northeast Channel.  
3.4.3.2 Decreased Sea Surface Salinity on the Scotian Shelf 
As the bottom salinity on the Scotian Shelf increased in 2016, the surface salinity 
decreased by up to 0.6 PSU. Although the increased bottom salinity and decreased surface 
salinity occurred simultaneously in summer 2016 (Figure 3-5, Figure 3-6), bottom salinity 
and surface salinity on the Scotian Shelf were not consistently correlated across the            
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8 years studied. For each year, linear regressions were calculated between surface 
nearshore salinity and bottom offshore salinity at the ROMS eastern boundary (on the 
Scotian Shelf), and R2 values ranged from 0.01 to 0.67, with an average of 0.16. Therefore, 
the surface and bottom salinity anomalies appear to be largely unrelated. 
The modeled decrease in sea surface salinity on the Scotian Shelf in 2016 and 2017 (Figure 
3-6) might suggest increased outflow from the St. Lawrence River via the HYCOM 
boundary conditions, because upper layer salinity (30–50m) on the Scotian Shelf is 
comprised of St. Lawrence River discharge (Dever, et al., 2016). However, St. Lawrence 
River discharge was at an 8-year minimum in the 12 months prior to summer 20168, and 
it has been shown that the salinity signal from the St. Lawrence River decreases to         
+/- 0.1 PSU by the time it reaches the Halifax Line (Ohashi and Sheng, 2013). It is 
therefore unlikely that changes in the St. Lawrence River caused the sea surface salinity 
changes on the Scotian Shelf. Townsend, et al. (2015) argued that there had been an 
increase in the frequency of strong Scotian Shelf Water inflows via Nova Scotia in the 
early 2010s, and presented evidence of increasing freshwater fluxes from the Labrador Sea 
via the Labrador Current. It is possible that the surface freshening modeled on the Scotian 
Shelf in 2016 and 2017 is indicative of these episodic changes. This is in contrast to the 
findings of Brickman et al. (2018), which outlined how the Gulf Stream effectively cuts 
off the Labrador Current near the Grand Banks, but this difference could be because the 
processes Townsend et al. described occur at the surface, while those described by 
Brickman et al. occur at depth. 
Intermediate layer water on the Scotian Shelf (50–100m, also known as the Cold 
Intermediate Layer, or CIL) is composed of either the inshore branch of the Labrador 
Current or CIL water formed in the Gulf of St Lawrence, which is distinct from St. 
Lawrence River outflow (Dever et al., 2016). In the intermediate layer at  
                                                        
8 https://waterdata.usgs.gov/nwis/dv?referred_module=sw&site_no=04264331 
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Halifax Station 2, observed salinity and temperature were both lower and less variable in 
2016 than in the 7 other years in this study, with a water mass signature that was a 
mixture of Labrador Slope Water, Cabot Strait–Cold Intermediate Layer water, and 
Cabot Strait Subsurface water, as described in Dever, et al. (2016) (Figure 3-13). This 
suggests that changes on the Scotian Shelf are driven by changes in the Labrador Current 
or Gulf of St. Lawrence, either of which could be a link to the upstream source of               
P. australis. More work is necessary – either via an expanded model domain or ship 
surveys – to determine the relative likelihood of each source.  
To summarize the introduction routes, P. australis likely entered the Gulf of Maine via 
the inner Scotian Shelf and coastal route around southern Nova Scotia, was concurrent 
with decreased sea surface salinity on the Scotian Shelf, and had an upstream source in 
either the Labrador Current or Gulf of St. Lawrence. In contrast, the observed positive 
salinity anomalies on the Maine Coast likely originated in the Gulf Stream and entered 
the GOM via the Northeast Channel. Particle tracking experiments suggest that these 
two phenomena met along the upper coast of Maine and were mixed through strong tidal 
mixing, which is not unreasonable according to the data. If the positive salinity anomaly 
at the bottom (mean = 35) and negative salinity anomaly at the surface (mean = 32.5) 
were to mix, the required mixing ratio to achieve the salinity observed in Clark et al. 
(2019) (mean = 33.25) would be 30/70 (bottom/surface). The mixed water could have 
then flowed southwest where it was observed during the 2016 ship survey. 
Changing upstream water masses could also have affected nutrient concentrations in the 
GOM, and, in turn, the 2016 bloom. The surface and mid-depth salinity changes suggest 
increasing influence from the Labrador Current, which typically has a silica-to-nitrate 
ratio greater than 1 (Townsend et al., 2010). The bottom salinity anomalies, meanwhile, 
are thought to have originated in the Gulf Stream, which has a silica-to-nitrogen ratio less 
than 1 (Townsend et al., 2010). It is logical from a nutrient perspective that P. australis 
were carried in with the surface Scotian Shelf inflows: an increased silica-to-nitrogen ratio 
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could have supported a healthy diatom population. In the 2016 ship survey, however, the 
silica-to-nitrogen ratio was significantly lower compared to two of the previous years’ ship 
survey samples, and was thought to exacerbate DA production (Clark et al., 2019). The 
low ratio in the observations could be the result of Gulf Stream water mixing with Scotian 
Shelf water at the mouth of the Bay of Fundy, as hypothesized above. Thus, the two-
pronged introduction hypothesis, in combination with the nutrient characteristics of the 
source water masses, suggest that a healthy population of P. australis was advected into 
the Bay of Fundy and eastern Maine, where it met waters with low silica, leading to 
enhanced DA production.  
  
Figure 3-13 – Year-round temperature vs salinity as measured at Halifax Station 2 at 85m. 2016 is 
highlighted in green, while 2012–2018 are plotted in black. For comparison, the endmembers of CBS–CIL 
(Cabot Straight–Cold Intermediate Layer), inLC (Inshore Labrador Current), CBSS (Cabot Straight 
Subsurface Water), and LSW (Labrador Slope Water), as defined in Dever et al., (2016), are plotted. 
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3.4.3.3 P. australis Distribution in the North Atlantic 
Evidence suggests that P. australis originated outside the GOM, which necessitates a look 
at P. australis distributions in the North Atlantic. P. australis has been observed near 
the United Kingdom and Ireland (Bresnan et al., 2017, 2015; Cusack et al., 2002; Fehling 
et al., 2006; Hasle, 2002; Thorel et al., 2014), France (Ayache et al., 2020; Husson et al., 
2016; Klein et al., 2010; Lema et al., 2017; Thorel et al., 2017), the Iberian Peninsula 
(Churro et al., 2009; Palma et al., 2010; Zapata et al., 2011), and Morocco (Ennaffah et 
al., 2012). The question remains how the cells could have been transported from these 
regions in the eastern Atlantic to the Scotian Shelf and Gulf of Maine. 
The two likely transport routes are via the subtropical gyre and the Gulf Stream, or via 
the subpolar gyre and the Labrador Current, which meet near the Grand Banks of 
Newfoundland (Townsend et al., 2006). Introduction via the subtropical gyre would 
indicate a more southern origin of the species, possibly from Morocco or the Iberian 
Peninsula. To have been introduced along this route, the cells would have been carried 
west across the subtropical Atlantic and then northward by the Gulf Stream. However, 
growth rates of the 2016 GOM strain of P. australis declined rapidly at temperatures 
above 18℃ (Figure 3-11), which is regularly exceeded along this route. In addition, we 
have argued that the source of P. australis was likely either the Labrador Current or Gulf 
of St. Lawrence. The strong connectivity from the inner Scotian Shelf to the Bay of Fundy 
and the decreased surface salinity on the Scotian Shelf in 2016 align with introduction via 
the subpolar gyre and Labrador Current. This suggests a cooler origin, which better aligns 
with the temperature growth curve for the GOM P. australis isolate. For comparison,    
P. australis from the English Channel grew best at 13.5–18.6℃, with growth rates from 
0.47 to 0.83 day-1 (Thorel et al., 2014). This temperature range overlaps with the range of 
peak growth for the GOM strain of P. australis, but it is slightly warmer and the growth 
rates are slightly higher. This could be due to population variability in the GOM that was 
not represented by examining a single GOM strain under the chosen laboratory conditions. 
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Alternatively, selection may have occurred en route to the GOM. A subpolar introduction 
route seems more likely, but this hypothesis can be neither proven nor refuted without 
additional data. The best way to test this hypothesis is via targeted sampling, further 
modeling, and a genetic comparison between the GOM P. australis strain and other strains 
across the Atlantic, which could be the subject of future research. 
3.4.4 Looking to the Future: Persistence vs. Persistent Introduction 
An important question for scientists, managers, and state officials is whether the               
P. australis bloom in 2016 was anomalous or if it indicates a growing DA concern for the 
region. The 2016 event was likely due to the import of P. australis from the Scotian Shelf, 
but future blooms could be seeded by cells retained in the GOM, recurring introductions 
of cells from outside the GOM, or some combination of both. In other words, do we expect 
introduction plus persistence, or persistent introduction? 
P. australis cells and DA-related shellfish harvest area closures have occurred in Maine 
every year since 2016 (Chadwick, 2021). In addition, concentrations of large Pseudo-
nitzschia cells at the Bar Harbor monitoring station exceeded 100,000 cells L-1 in 2017, 
2019, and 2020. Low cell concentrations in 2018 could be the result of a spatially 
heterogeneous bloom in which cell concentrations were higher elsewhere, because data 
post-2016 are from a single-point time series. 
However, despite observations of P. australis since 2016, the model output in this study 
did not point to any shifts that could explain why there were no DA events pre-2016 but 
annual DA events post-2016. Surface salinity was low in 2016 and 2017 and this 
corresponded with the original P. australis bloom in 2016 (Section 3.4.3.2), but the signal 
did not persist past 2017. In addition, model output did not indicate lasting changes in 
connectivity strength, connectivity timing, or growth potential. Evidence from the 
literature does point to long-term trends of increased inflows of Scotian Shelf Water 
(Townsend et al. 2015) and increasingly warm/saline near-bottom water on the Scotian 
Shelf (Brickman et al. 2018). This study did not identify any regime shift in water mass 
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characteristics associated with the 2016 bloom, but other studies suggest changes in GOM 
inflows. 
The evidence post-2016 indicates that P. australis blooms have continued in the GOM, 
but the available data are insufficient to determine whether the blooms are due to 
persistence or persistent introduction. Continued and expanded time series monitoring is 
recommended to map future blooms as they occur and to better understand interannual 
variability in the timing, extent, and severity of DA events in the region. Ideally this 
expanded effort would include sample collection on the Scotian Shelf and regions further 
upstream to better understand connectivity with established P. australis populations.  
3.5 Conclusions 
This study (submitted to Continental Shelf Research, 2021) used a physical model, 
particle tracking model, and observations to explore introduction and connectivity 
pathways to the Gulf of Maine in 2016, the year of a regionally historic DA event. Results 
from the particle tracking simulations revealed that P. australis cells likely originated on 
the Scotian Shelf and were carried into the GOM via inflows south of Nova Scotia, because 
only this pathway explains the P. australis cells and observed toxicity in the Bay of 
Fundy. Anomalously saline water originated near the bottom on the Scotian Shelf, entered 
the GOM via the Northeast Channel, and mixed with lower salinity surface water near 
the mouth of the Bay of Fundy. Regional connectivity and potential growth rates in 2016 
were not larger than in the other modeled years between 2012 and 2019, but surface 
salinity on the Scotian Shelf was up to 0.6 PSU lower than the 7 other years in this study, 
and bottom salinity on the Scotian Shelf was 0.7 PSU greater than the 1981–2010 
climatology. This suggests that the bloom was controlled by large-scale processes, not 
local-scale ones, and we propose that P. australis arrived at the Scotian Shelf and GOM 
via either the Gulf of St. Lawrence or the Labrador Current. Future studies should 
consider adding nutrient-, light-, or salinity-dependency to the growth model, exploring 
mechanisms underlying DA production in the GOM, expanding the hydrodynamic model 
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domain to include offshore dynamics, and running the model continuously over more years 
to test the question of interannual persistence. Ocean sampling is recommended on and 
beyond the Scotian Shelf to determine if there is an upstream source of P. australis. 
Finally, P. australis blooms are likely to remain a concern in the GOM, and continued 
monitoring is warranted. 
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4 Potential effects of climate change 
on Pseudo-nitzschia bloom 
dynamics in the Gulf of Maine 
 
4.1 Introduction 
Pseudo-nitzschia is a lightly silicified, pennate diatom genus with at least 52 confirmed 
species (Bates et al., 2018). Pseudo-nitzschia can produce domoic acid (DA), a neurotoxin 
that can lead to Amnesic Shellfish Poisoning, the side effects of which include stomach 
pain, short-term memory loss, and even death (Bates et al., 2018, 1989). There are at 
least 26 confirmed DA-producing Pseudo-nitzschia species (Bates et al., 2018), but DA 
production is not constitutive; it can vary between species, between species strains, or 
depending on environmental conditions or cell growth stage (e.g. Bates et al., 1991; 
Lundholm et al., 2004; Maldonado et al., 2002; Thessen et al., 2009; Thorel et al., 2014). 
Pseudo-nitzschia have been described as “cosmopolitan” (Hasle, 2002) because they are 
able to tolerate a wide range of temperature and salinity conditions, and as a result they 
have been observed around the globe (Bates et al., 2018). The severity and range of 
Harmful Algal Blooms (HABs) caused by Pseudo-nitzschia have been increasing in recent 
years, with large-scale blooms leading to millions of dollars in economic losses (Moore et 
al., 2020), and new species blooming in previously unaffected regions (e.g. Bates et al., 
2018; Clark et al., 2019; Park et al., 2018). 
One example of the increasing abundance and extent of Pseudo-nitzschia HABs is an 
unprecedented DA event and subsequent shellfishery closures in the Gulf of Maine (GOM) 
in 2016 (Bates et al., 2018; Clark et al., 2019). Prior to 2016, 14 Pseudo-nitzschia species 
had been identified in the region (Fernandes et al., 2014), including some DA producers, 
but the 2016 bloom was caused primarily by P. australis, which had never before been 
 98 
observed in the GOM (Clark et al., 2019). P. australis blooms have occurred every year 
since 2016, reflecting a possible “regime shift” in Pseudo-nitzschia bloom dynamics. 
The DA event in 2016 is but one example of recent changes in the GOM. In 2012, an 
ocean heat wave led to reduced Atlantic Cod recruitment, which, combined with 
overfishing, caused a collapse of the GOM cod fishery (Pershing et al., 2015). Another 
heat wave in the GOM–Scotian Shelf region was observed in 2016 (Pershing et al., 2018). 
Although the rate of warming in the GOM and its effect on the ecosystems is under debate 
(Palmer et al., 2016; Pershing et al., 2016, 2015), there is no question that sea surface 
temperatures are warming, and that the warming is strongest in the summer and autumn 
(Thomas et al., 2017), the time of year when previous Pseudo-nitzschia blooms – including 
P. australis – have occurred. In addition, the relative importance of different source waters 
to the GOM may have changed in recent decades: Townsend et al. (2015) provided 
evidence that in recent decades the proportion of Scotian Shelf Water flowing into the 
region has increased relative to Slope Water, although it is unclear whether this is a long-
term trend. Farther upstream, the Gulf of St. Lawrence is predicted to change as a result 
of climate change, with less ice coverage in the winter, warmer and fresher sea surface 
waters in the summer, and weaker cold water formation (Long et al., 2016). These changes 
are likely to affect inflows to the GOM and water mass properties in the interior. 
Changes to the GOM and its source waters might affect the existing assemblage of Pseudo-
nitzschia, or alter environmental conditions to change the assemblage. Studies in other 
regions have explored how climatic factors affect Pseudo-nitzschia growth, 
competitiveness, and DA production. Changing temperatures might affect Pseudo-
nitzschia abundance by increasing growth rates (Thorel et al., 2014), or by favoring 
Pseudo-nitzschia over other phytoplankton (Zhu et al., 2017). Higher temperatures have 
also been shown to increase DA production, particularly in P. australis (McKibben et al., 
2017; Thorel et al., 2014; Zhu et al., 2017). Indeed, some changes to Pseudo-nitzschia 
abundance worldwide have already occurred as a result of warming oceans.  
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A record-breaking P. australis bloom on the U.S. West Coast, which was preceded by a 
“Warm Blob” and intermittent upwelling (McCabe et al., 2016), is an example of what 
might be expected with climate change (Trainer et al., 2020). Farther down the coast in 
the Santa Barbara Bight, warming ocean temperatures were correlated with a decline in 
diatoms of the genera Chaetoceros and Rhizosolenia, but an increase in Pseudo-nitzschia 
species broadly and P. australis specifically (Barron et al., 2013). In the North Atlantic, 
data from the Continuous Plankton Recorder showed an increase in the abundance of 
diatoms from 1960 to 2009 (Hinder et al., 2012), and in Danish sill-fjords Pseudo-nitzschia 
species assemblages have shifted as a result of increased nitrogen loading and temperature 
(Lundholm et al., 2010).  
In the context of these global changes and the initiation of annual P. australis blooms in 
the GOM starting in 2016, it is important to understand how Pseudo-nitzschia blooms in 
the GOM might change as a result of climate change. Models offer an ideal tool for such 
investigations, but a typical Global Climate Model is too coarse (about 1-degree 
resolution) to accurately capture the nearshore processes and complex bathymetry that 
are important to regional hydrodynamics. One recommended solution is to downscale a 
coarse circulation model to a GOM regional model (Ralston and Moore, 2020). This 
approach was used to model the Northwest Atlantic from the Gulf of Mexico to the Gulf 
of St. Lawrence (Alexander et al., 2020): climate simulation results from the Geophysical 
Fluid Dynamics Laboratory Earth System Model (GFDL-ESM2M) were used to force a 
Regional Ocean Modeling System (ROMS) with 7 km horizontal resolution. The higher 
resolution model predicted enhanced bottom warming in the GOM relative to the climate 
model, because its finer resolution better captured ocean circulation, deep inflows in the 
Northeast Channel, and altered upstream water mass properties (Shin and Alexander, 
2020a).  
This study will further downscale the 7 km resolution ROMS (Alexander et al., 2020) to 
a 1–3km resolution Gulf of Maine ROMS (He et al., 2008; Li et al., 2009; McGillicuddy 
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et al., 2011) to investigate the effects of climate change on Pseudo-nitzschia bloom 
dynamics in the GOM. To our knowledge, this is the first downscaled climate model to 
be applied to the GOM at such a high resolution, and the first study to investigate the 
effects of climate change on Pseudo-nitzschia with a physical circulation model. The 
following methods section describes the study region, the two ROMS configurations, the 
“Delta Method”, and relevant analysis. The results and discussion section will focus on 
changes to hydrodynamics, the mechanics thereof, and their consequences for Pseudo-
nitzschia blooms. Particular attention is given to how P. australis bloom dynamics might 
change in the eastern GOM as a result of changing hydrodynamics and growth potential. 
4.2 Methods 
4.2.1 Region of Study 
4.2.1.1 Gulf of Maine 
The Gulf of Maine is a shelf sea off the coast of the northeast United States and Canada, 
stretching from 42 to 44.5°N and from 66 to 71°W (Figure 4-1). Mean sea surface 
temperatures range from 4℃ in February to 22.5℃ in August, and historical salinity values 
range from 29 nearshore to 33.5 offshore (Li et al., 2014). Interior water mass properties 
are largely driven by inflows, which enter the gulf along the coastal region south of Nova 
Scotia and at depth in the Northeast Channel (Townsend et al., 2015). Nova Scotian 
inflows are made up of relatively fresh, cool Scotian Shelf Water (5–7℃, 32.5–33.4), while 
Northeast Channel inflows are a mixture of Warm Slope Water (WSW; 11℃, 35), and 
Labrador Slope Water (LSW; 6.5℃, 34.5) (Townsend et al., 2015, 2014). Nutrients that 
are carried in with dense slope waters are brought to the surface via tidal mixing in the 
Bay of Fundy (Brooks and Townsend, 1989) and via deep convection in the winter. The 
Bay of Fundy, Georges Bank, and northeastern GOM remain well-mixed year-round 
because of the energy imparted by the tides (Townsend et al., 2014).  
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The interior GOM is comprised of three basins with depths greater than 200m – Georges 
Basin, Wilkinson Basin, and Jordan Basin – and is separated from the open North Atlantic 
via offshore banks shallower than 100m – Georges Bank and Browns Bank. The general 
circulation in the GOM is cyclonic, with anticyclonic circulation around Georges Bank 
(Bigelow, 1927; Brooks, 1994; Xue et al., 2000). Alongshore flow on the coast of Maine is 
divided into the buoyancy-driven Maine Coastal Current, and the GOM Coastal Plume 
(Bisagni et al., 1996; Keafer et al., 2005; Pettigrew et al., 2005), which is fed by the 
region’s five largest rivers, the St. John, Penobscot, Merrimack, Kennebec, and 
Androscoggin. The cyclonic circulation around Jordan Basin (sometimes referred to as the 
Jordan Basin Gyre) is baroclinically driven and strengthens when there is more dense 
slope water in the basin (Brooks and Townsend, 1989). Stronger circulation of the Jordan 
Basin Gyre increases the strength of offshore veering of the Maine Coastal Current that 
occurs just upstream of Penobscot Bay (Bisagni et al., 1996; Pettigrew et al., 1998). This 
offshore-directed current also intensifies during periods of stronger river outflow and 
upwelling-favorable winds and varies interannually, affecting the degree to which the 
Eastern Maine Coastal Current connects with the Western Maine Coastal Current 
(Luerssen et al., 2005; Pettigrew et al., 2005).  
4.2.1.2 Scotian Shelf 
Upstream of the GOM is the Scotian Shelf, a shelf sea that stretches from the Northeast 
Channel in the Southwest to the Laurentian Channel in the Northeast, from 42.5 to 45.5°N 
and from 57 to 65.5°W. The 30-year (1981–2010) climatological annual mean sea surface 
temperature is 8.1℃ on the Western Scotian Shelf, 8.5℃ on the Central Scotian Shelf, 
and 7.1℃ on the Eastern Scotian Shelf. Water temperatures have been warming rapidly 
in all three regions on the shelf, at rates of 0.5℃ decade-1, 0.6℃ decade-1, and  
0.4℃ decade-1, respectively (Hebert et al., 2018). As a shelf sea, the Scotian Shelf is 
relatively shallow, with depths ranging from 0–200m and several banks shallower than 
100m (Hebert et al., 2018). The two main currents, the Nova Scotia Current and the 
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Labrador Current, both flow from the northeast to the southwest, with the Nova Scotia 
Current along the coast and the Labrador Current along the shelf break (Townsend et 
al., 2006). The main upstream sources of Scotian Shelf water are the Gulf of St. Lawrence 
and the Labrador Current. Like the GOM, the Scotian Shelf is influenced by Slope Water 
intrusions, particularly offshore. Both WSW and LSW have been observed at depth during 
annual ship surveys conducted by the Department of Fisheries and Oceans Canada 
(Hebert et al., 2018). The relative proportion of WSW and LSW has been attributed to 
interdecadal variability in remote forcing from the North Atlantic Oscillation (Greene et 
al., 2013), and to interannual variability in Gulf Stream – Labrador Current interactions 





Figure 4-1 – From Townsend et al. (2010)9: “Map of the NW Atlantic Ocean, Labrador Sea and Gulf of 
Maine, showing the major current systems (after Chapman and Beardsley, 1989; Loder et al., 1998) … 
Dashed arrows indicate mixing of waters (not currents) in the slope sea (Csanady and Hamilton, 1988). 
Inset shows location of the Northeast Channel (sill depth ca. 220 m) and the channel between Browns Bank 
and Nova Scotia (depth ca. 150 m).” 
  
                                                        
9This figure was published in Continental Shelf Research, Vol 30; Townsend, David W., Rebuck, Nathan 
D., Thomas, Maura A., Karp-Boss, Lee, Gettings, Rachel M., “A changing nutrient regime in the Gulf of 




A series of nested models were used to simulate climate change in the Gulf of Maine (in 
order of increasing resolution): the Geophysical Fluid Dynamics Laboratory’s Earth 
System Model (GFDL-ESM2M), the Northwest Atlantic ROMS, and the Gulf of Maine 
ROMS.  
4.2.2.1 Climate Model 
The GFDL-ESM2M, although not used directly in this study, plays an important role as 
its output was used to force the Northwest Atlantic ROMS in Alexander et al. (2020). 
Atmospheric resolution in the GFDL-ESM2M is 2°(lat) x 2.5°(lon) with 24 vertical levels, 
and the oceanographic resolution is approximately 1° x 1°, with 50 vertical levels 
(Alexander et al., 2020). The climate simulations that were used in Alexander et al. (2020) 
were projected with the RCP8.5 emissions pathway, the highest Representative 
Concentration Pathway defined by the Intergovernmental Panel for Climate Change 
(IPCC)10. Under this scenario, radiative forcing exceeds 8.5 W m-2 by 2100. Refer to 
Dunne et al. (2012, 2013) for more details about the GFDL-ESM2M configuration and 
Alexander et al. (2020) for comparisons between this and other climate models. 
4.2.2.2 Regional Ocean Modeling System  
The Regional Ocean Modeling System (ROMS) is a hydrostatic, free surface, split-explicit, 
terrain-following primitive equation model (Shchepetkin and McWilliams, 2003, 2005). 
Two different configurations are relevant to this study, the Northwest Atlantic ROMS 
and the GOM ROMS.  
Northwest Atlantic ROMS 
The Northwest Atlantic ROMS (NWA ROMS) covers the shelf sea on the east coast of 
North America from the Gulf of Mexico to the Gulf of St. Lawrence, from 10°N to 50°N 
                                                        
10 https://www.ipcc-data.org/guidelines/pages/glossary/glossary_r.html  
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(Kang and Curchitser, 2013) (Figure 4-2). Its resolution is 7km in the horizontal and 40 
layers in the vertical, with higher resolution near the surface. The boundary and initial 
conditions were extracted from the Simple Ocean Data Assimilation (SODA v2.1.6) 
(Carton and Giese, 2008), which has 0.5° horizontal resolution and 40 vertical layers. 
Surface forcing was taken from the Coordinated Ocean-Ice Reference Experiments (CORE 
v2), which has a 6-hour temporal resolution and 1.9° spatial resolution (Large and Yeager, 
2009). River discharge from the continental discharge database (Dai et al., 2009) was used 
to implement freshwater fluxes directly into the model’s surface grid cells. Results from 
the control simulation (1976–2005) and the forecast (2070–2099) were saved as 5-day 
averages. The reader is referred to Kang and Curchitser (2013) for more details about the 
model setup and to Alexander et al. (2020) for specifics about the climate simulations. 
Gulf of Maine ROMS 
The Gulf of Maine ROMS (GOM ROMS) includes the GOM from Georges Bank in the 
South to the Bay of Fundy in the North (38.7°N to 46.6°N), and from Coastal New 
England in the West to the Scotian Shelf in the East (72.9°W to 62.0°W) (Figure 4-2). 
The horizontal resolution ranges from 1 km nearshore to 3 km offshore, and there are 36 
vertical terrain-following layers.  
Boundary conditions for temperature, salinity, velocity, and sea surface height for the 
GOM ROMS were extracted from HYCOM (Hybrid Coordinate Ocean Model) experiment 
GOFS3.0, which was interpolated to the GOM ROMS grid. HYCOM has a 1/12° 
resolution in the horizontal and 40 layers in the vertical, and simulations from GOFS3.0 
are available from 1994–2018. HYCOM utilizes hybrid vertical coordinates, with isopycnal 
vertical layers in the open stratified ocean, terrain-following sigma layers in the coastal 
ocean, and z-coordinates in unstratified areas.  
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Atmospheric forcing in the GOM ROMS was specified via bulk formulation with data 
from the North American Regional Reanalysis (NARR)11, which has 6-hour temporal 
resolution and 1/6° spatial resolution. The five largest rivers in the GOM (St. John, 
Penobscot, Kennebec, Androscoggin, and Merrimack) are included in the GOM ROMS 
forcing files as volume transport (m3 s-1) as measured by U.S. Geological Survey12 river 
gauges. A volumetric adjustment was added to each river to account for drainage area 
downstream of the gauge. Multi-scale Ultra-High-Resolution Temperature (MUR4.113) 
from satellites was used for a surface heat flux correction. For more information about the 
GOM ROMS configuration, the reader is referred to He and McGillicuddy (2008), Li et 
al. (2009), and McGillicuddy et al. (2011). 
 
Figure 4-2 - (left) The Northwest Atlantic (NWA) ROMS Domain (red outline) and Gulf of Maine (GOM) 
ROMS Domain (blue outline). Bathymetry is drawn every 100m from 0 to 1000m, at 2000m, and at 3000m 
according to the bathymetry of the NWA ROMS. The bold black line indicates the coastline. (right) The 
GOM ROMS domain (blue outline) with transect locations indicated with red lines and important sub-
regions indicated with shaded boxes. Bathymetry is drawn every 25m from the surface to 100m, every 100m 
to 1000m, and at 2000m and 3000m. The bold black line indicates the coastline. 
                                                        
11 https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-american-regional-
reanalysis-narr 




4.2.3 Experimental Setup 
The GOM ROMS was run for 25 consecutive years as a hindcast (1994–2018) and forecast 
(2073–2097). Boundary and initial conditions for the hindcast runs were created from the 
sources detailed in Section 4.2.2.2, while the forecast runs were forced with the Delta 
Method, detailed below. 
4.2.3.1 Delta Method 
The NWA ROMS climate projections were downscaled to the GOM ROMS region via the 
Delta Method, as described in Alexander et al. (2020) and Shin and Alexander (2020). 
This method calculates the long-term differences in oceanic and atmospheric conditions 
between a climate simulation and hindcast simulation of a coarse model (in this case, the 
NWA ROMS) and applies the difference to the observed initial and boundary conditions 
and atmospheric forcing of a higher resolution model (the GOM ROMS). The method has 
been called a “seasonally varying delta method” (Shin and Alexander, 2020), because it 
calculates Delta values for each month, rather than one Delta for the entire year, with the 
understanding that climate change impacts are likely to have seasonal variation. This 
method incorporates the temporal and spatial variability of the present-day regional model 
into the forecast, but does not represent any potential changes in variability. The sources 
from which Deltas were calculated and the fields to which they were added are detailed 
in Table 4-1.  
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Table 4-1 - Model fields to which Deltas were added, and the source from which Deltas were calculated. 
Note that ROMS can read humidity as either relative humidity (%) or specific humidity (g kg-1) 
Description ROMS Variable Units Source 
3D salinity salt PSU 
NWA ROMS output 
3D temperature temp ℃ 
3D velocity u/v m/s 
2D sea surface height zeta m 
Sea level air pressure Pair mbar 
CORE2 
Surface relative humidity Qair % 
Surface air temperature Tair ℃ 
10m wind velocity uwind /vwind m s-1 
Rainfall rate rain kg (m-2 s-1) 
Downwelling longwave 
radiation 








The Delta Method was implemented as follows: 
1. A 30-year monthly mean for each forcing field in the forecast and hindcast time 
periods was calculated from the sources in Table 4-1. Note that atmospheric Deltas 
were calculated from the CORE2 dataset that was used to force the NWA ROMS.  
2. Twelve Deltas (one for each month) were calculated by subtracting the hindcast 
means from the forecast means. 
3. The hindcast time periods for the NWA ROMS (1976–2005) and the GOM ROMS 
(1994–2018) were not the same because of the availability of the HYCOM 
simulations used to provide boundary conditions for the GOM ROMS. As a result, 
the average time difference between forecast and hindcast in the NWA ROMS 
simulations was 94 years, while the average difference between the forecast and 
hindcast in the GOM ROMS simulations was only 78 years. Deltas were multiplied 
by 78/94 to account for the difference, creating a “Fractional Delta”. This assumes 
that the Deltas increase linearly with time, which is a simplifying assumption. 
4. Fractional Deltas were spatially and temporally interpolated to the required 
resolution for the GOM ROMS initial and boundary conditions. In this study, this 
meant that oceanographic Deltas were interpolated to the HYCOM grid, 
atmospheric Deltas were interpolated to the NARR grid, and sea surface 
temperature Deltas were interpolated to the satellite grid. 
5. Interpolated fractional Deltas were added to the appropriate forcing files for the 
forecast GOM ROMS. 
6. The GOM ROMS was run consecutively for 25 years representing 2073–2097 with 
the new forcing files. 
River inputs are implemented differently in the NWA ROMS and GOM ROMS 
configurations, so the river Deltas were relative: the monthly average percent change 
between hindcast and forecast in the river inputs was calculated from the NWA ROMS 
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input files, and that percent change was applied to the river discharge in the GOM ROMS 
input files. 
4.2.4 Analysis 
4.2.4.1 Hydrodynamic Analyses 
Data were extracted from three transects for transport analysis: across the Northeast 
Channel (42.02°N, 66.11°W to 42.37°N, 65.66°W), perpendicular to the Nova Scotia coast          
(42.62°N, 66.57°W to 43.69°N, 66.02°W), and cross-shore from Mt. Desert Island across 
the Eastern Maine Coastal Current (EMCC) (44.43°N, 67.89°W to 44.03°N, 67.76°W) 
(Figure 4-2). At each transect, data were extracted from the nearest grid cell, rather than 
interpolated to a straight line. Velocities were projected in the alongshore direction 
according to the angle of the coastline with respect to east (Figure 4-2) such that velocities 
greater than zero were toward the GOM. The exception is the EMCC, where velocities 
were projected such that velocities greater than zero were toward the southwest, the 
predominant flow direction. Transport toward the GOM was calculated via 




where D is each grid cell where ? > 0, ? is the alongshore component of the velocity in 
grid cell D, 3O is the grid cell cross-sectional area, and R is the total number of grid cells 
where ? > 0. In the Northeast Channel, “alongshore” refers to flow parallel to the channel 
walls. The GOM inflow ratio, which describes the relative strength of inflows around Nova 
Scotia and through the Northeast Channel, was calculated according to the equation given 
in Hebert et al. (2018): 
'G16>W	h:;D> = 	
R>E:	S4>;D:	;<:GJ7><;
R><;ℎ5:J;	iℎ:GG56	;<:GJ7><; + R>E:	S4>;D:	;<:GJ7><; 
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Stratification was defined as the difference in potential density between the bottom and 
the surface, and mixed layer depth was defined as the depth below the surface at which                        
M − Mk-l ≥ 0.5℃ (Price et al., 1986).  
4.2.4.2 Biological Analyses 
Growth potential for P. australis was estimated according to the methods and growth 
curve in Clark et al. (submitted). In short, a theoretical growth curve was fit to measured 
growth rates of a P. australis isolate from the 2016 GOM bloom. Growth rates were 
measured at 7, 9, 11, 13, and 15℃. Growth rates were extrapolated beyond the 7–15℃ 
temperature range according to a rate of change of growth rate with temperature that 
was determined by short-term exposure experiments (H" HMp =	-0.02 d
-1℃-1 if M<7℃ and 
-0.03 d-1℃-1 if M>15℃). A theoretical curve was fit to the measured and estimated data 
points according to equation S.1 in Thomas et al. (2012).  The growth curve is given in 
Figure 4-3, and the reader is referred to Clark et al. (submitted) for more details. Growth 
potential was calculated based on simulated temperatures and the growth curve for each 
grid cell at each time step before spatial or temporal averaging. It was calculated both for 
sea surface temperatures and for 10m temperatures, because P. australis was observed at 
the surface, 10m, and 20m (Clark et al., 2019).  
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Figure 4-3 - P. australis growth vs. temperature as measured in Clark et al. (2021, submitted). Values 
measured in laboratory experiments are marked with blue circles (error bars indicate standard error), while 
values that were extrapolated are indicated with orange diamonds. The black line indicates the growth curve 
that was fit according to equation S.1 in Thomas et al. (2012). The growth curve is interpolated only as low 
as 4℃ because laboratory equipment did not allow for measurement of growth rates below that temperature. 
For estimates of bloom timing and growing season, surface noon-time growth rates were 
smoothed over a weekly time period, because week-to-week changes in growth rate are 
more ecologically relevant than day-to-day changes. Bloom timing was estimated by 
finding the day of maximum mean growth rate, according to the metric in Record et al. 
(2019). Bloom timing was estimated for the first half of the year, representing spring, and 
the second half of the year, denoting fall, because bimodal phytoplankton peaks are 
common in the GOM (Record et al., 2019). The growing season was estimated as the 
number of days when average noon-time growth rates were greater than 75% of the 
maximum growth rate (0.47 day-1), according to the metric defined in Gobler et al. (2017). 
An alternative approach for representing shifts in bloom timing is the HAB Window of 
Opportunity for A. catenella in Puget Sound (Moore et al., 2011), but this was deemed 
inappropriate for Pseudo-nitzschia because there are multiple species and the same species 
can adapt to different temperature ranges depending on the environment (e.g. P. australis 
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in Clark et al. 2019; McCabe et al. 2016; Santiago-Morales and García-Mendoza, 2011; 
Thorel et al. 2014). 
4.2.4.3 Averaging Data Spatially and Temporally 
Model output was averaged both spatially and temporally to focus the analysis on regions 
and time periods of interest. The following calculations could be applied either separately 
or together, and this section serves only to clarify how averaging was done, not to specify 
all of the specific combinations that are included in the results.   
A “composite year” is a year in which data were averaged across all 25 years from each 
simulation to represent the average hindcast or forecast. Years could also be further 
divided into seasonal averages, where winter is from December through February, spring 
is from March to May, summer is from June to August, and fall is from September to 
November. Regardless of whether data were averaged across the seasons, across the entire 
year, or averaged into composite years, a “change” in some parameter indicates the forecast 
value minus the hindcast value (not to be confused with “Deltas”). 
To quantify interregional variability within the GOM ROMS domain, four sub-regions 
were selected. The Scotian Shelf was chosen because of its influence on the GOM interior 
via Scotian Shelf Water inflows, the Bay of Fundy was selected because it is where the 
first P. australis bloom began in 2016 (Clark et al., 2019), the eastern Maine coast was 
selected because DA-induced shellfishery closures have occurred here since 2016, and the 
GOM interior was chosen to assess internal dynamics over the deep basins. The sub-
regions are shown in Figure 4-2. 
4.3 Comparison Between ROMS Configurations   
The analyses described in the previous section focus on transport estimates, vertical water 
column structure, and growth potential as a function of temperature. To properly assess 
changes as predicted by the GOM ROMS, it is valuable to understand the GOM ROMS 
in the context of the NWA ROMS, and to briefly compare their simulations. 
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Average sea surface temperatures in the two models agreed well in terms of magnitude 
and seasonal variability (Appendix C, Figure 8-1). On average the NWA ROMS average 
surface temperature was lower than the GOM ROMS surface temperature by 0.6℃. This 
is perhaps due to the fact that the GOM ROMS applies a heat flux correction term based 
on satellite measurements, while the NWA ROMS does not. When the surface net heat 
flux correction is activated, the following equation applies: 
q = q + r(M − SSM) 
in which q is the sum of shortwave, longwave, latent, and sensible heat fluxes, r is an 
adjustment term, M is the ocean surface temperature as simulated by the model, and SSM 
is the ocean surface temperature as measured by satellites. With a Delta applied to the 
sea surface temperature, the equation becomes  
qs = qs + rtMs − (SSM + D)u 
where qs is the new net heat flux as a result of changing atmospheric conditions and ocean 
temperatures, Ms is the new ocean temperatures as simulated by the model, SSM is the 
original satellite data, and D is the Delta of the sea surface temperature as calculated from 
the NWA ROMS output. The reference to observational data gives a degree of confidence 
to the GOM ROMS temperature values and resulting estimates of P. australis growth 
potential.  
Both models forecast an increase in the GOM inflow ratio (Appendix C, Figure 8-2), 
which is a focal point for the analysis (see Section 4.4.1.4). The mean increase in the GOM 
ROMS was larger than the mean increase in the NWA ROMS, the likely cause of which 
is discussed below. The qualitative change is in agreement between the two models, 
however, suggesting that this is not an aberration in one model. 
The most notable disagreement between the two models is their simulated change in 
surface salinity. Vertical salinity gradients affect stratification, while horizontal salinity 
gradients affect baroclinic circulation, so it is important to understand the accuracy of 
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and the mechanisms behind the models’ simulated salinity. Surface salinity decreased by 
0.3 PSU on average in the NWA ROMS forecast within the GOM ROMS domain, but by 
0.9 PSU on average in the GOM ROMS forecast (Appendix C, Figure 8-5). The change 
in total freshwater volume in the GOM was calculated from the two models, and it was 
found that the GOM ROMS freshwater volume increased in the forecast, whereas the 
NWA ROMS freshwater volume in the GOM decreased, despite freshening at the surface 
(Appendix C, Figure 8-4). This difference in change in freshwater volume might partly 
explain the difference in surface salinity change, because the NWA ROMS did not have 
as much freshwater to redistribute, but it is important to understand why the change in 
freshwater volume differed between the two models. 
One potential cause of the difference in freshwater volume change is the differential 
implementation of rivers and the use of a relative river Delta. As mentioned above, the 
NWA ROMS implements river outflow as a freshwater flux at the surface of coastal grid 
cells, while the GOM ROMS implements river outflow as a volumetric transport at the 
land-sea boundary. NWA ROMS river outflow was converted to the same units (m3 s-1) 
as in the GOM ROMS for comparison. Although the two models agreed on the order of 
magnitude and seasonality of total river outflow in the GOM (Appendix C, Figure 8-3), 
the NWA ROMS total river outflow was not as low during the dry season as the GOM 
ROMS outflow, and the NWA ROMS total river outflow was larger on average than the 
GOM ROMS river outflow. As a result, the fractional river Delta resulted in a larger 
change (in absolute value) in river outflow in the NWA ROMS than the GOM ROMS. 
The estimated change in river outflow was, on average, 134 m3 s-1 greater in the NWA 
ROMS than in the GOM ROMS. Assuming a residence time anywhere from 2 months to 
10 months (transit time from the Bay of Fundy to the Great South Channel was estimated 
to be 2 months on average in Manning et al. (2009)) this discrepancy integrated over the 
residence time could lead to a disagreement in change in freshwater volume on the order 
of 109 m3. This is 2 orders of magnitude smaller than the models’ disagreement in change 
 116 
in total freshwater in the domain (order 1011 m3, see Appendix C, Figure 8-4). It is also 
in the opposite direction of the disagreement, because the NWA ROMS had a larger 
increase in river outflow but the GOM ROMS became fresher in the forecast. The 
difference in river outflow change therefore likely does not have a significant impact on 
overall freshwater or salinity estimates or changes thereof. 
The discrepancy in freshwater volume change and surface salinity change was found to be 
largely a result of how the two models resolve alongshore transport on the Scotian Shelf, 
at the location of the eastern boundary in the GOM ROMS. At this boundary, the average 
salinity Delta was negative, with stronger freshening nearshore (Figure 4-4), and the 
average alongshore velocity delta was either zero or positive (toward the GOM), with a 
maximum increase of 5 cm s-1 nearshore (Figure 4-4). At the same boundary, the nearshore 
velocities toward the GOM were, on average, 10 cm s-1 faster in the GOM ROMS hindcast 
than in the NWA ROMS hindcast (Figure 4-4). The freshwater transport toward the 
GOM was therefore larger in the GOM ROMS than the NWA ROMS. After applying the 
Deltas, the increase in freshwater transport in the forecast run was larger still in the GOM 
ROMS (+350%) than in the NWA ROMS (+100%), which caused the greater increase in 
freshwater volume in the GOM ROMS. This discrepancy could have cascading effects 
downstream that must be considered when analyzing the GOM ROMS output. It could 
cause the larger increase in the GOM inflow ratio in the GOM ROMS than the NWA 
ROMS, because nearshore freshwater inflows at the eastern boundary continue southwest 
on the Scotian Shelf and enter the GOM around the tip of Nova Scotia. It could affect 
EMCC transport estimates, because the EMCC is partially driven by Scotian Shelf inflows 
(Brooks, 1994; Lynch et al., 1997). It could also affect estimates of salinity in the GOM 
interior.  
Any analysis of changes to salinity or transport pathways in the GOM ROMS must keep 
this discrepancy at the eastern boundary in mind. It is still unclear whether the enhanced 
freshwater flux in the GOM ROMS forecast is realistic or a model artifact. To assess the 
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accuracy of the GOM ROMS simulated velocity on the Scotian Shelf, net transport toward 
the GOM on the Scotian Shelf was calculated between the coast and the 100m isobath at 
Halifax Line 2 and compared to observations (Hebert et al., 2018). Net transport from the 
GOM ROMS was the same order of magnitude (0.2–0.8 Sverdrups) as calculated from 
field data (Hebert et al., 2018). The agreement between the GOM ROMS transport 
estimates and the observations lends a degree of confidence to the GOM ROMS 
simulations and provides evidence that it might be more accurate than the NWA ROMS. 
This only applies to the hindcast, however, and cannot necessarily speak to the accuracy 
of the forecast. Regardless, the two models both predicted an increase in freshwater flux 
at the eastern boundary, an increasing GOM inflow ratio, and a decrease in surface 
salinity. So, the results are qualitatively in agreement, but the exact numbers should be 
assessed with a degree of caution. 
 
Figure 4-4 –Contours of the average (left) salinity Delta and (right) velocity Delta at the GOM ROMS 
eastern boundary. Depth in meters is shown on the y axis, and cross-shore distance in km is shown on the 
x axis, with the coastline to the left. Corresponding color values are given in the color bars on the right. A 
positive velocity indicates flow toward the GOM. In both plots, contours of the average difference in hindcast 
velocity between the GOM ROMS and NWA ROMS are overlain in white. Solid contours indicate              
?vwx	ywxz − ?P{|	ywxz > 0 (i.e. GOM ROMS transport toward the GOM is stronger), while dashed contours 
indicate ?vwx	ywxz − ?P{|	ywxz < 0 (i.e. NWA ROMS transport toward the GOM is stronger). Contours 




4.4.1.1 Sea Surface Temperature 
In the forecast, across the GOM ROMS domain, sea surface temperature increased by 2℃ 
on average, with the maximum increase in August and September. The seasonal signal 
and overall increased temperatures were consistent regardless of sub-region, but the degree 
of warming varied between regions. Of the sub-regions tested, the Scotian Shelf saw the 
greatest warming (up to 2.7℃ in August), while the Bay of Fundy had the least warming 
(maximum 1.9℃) (Figure 4-5). 
 
Figure 4-5 - Seasonally-averaged change in sea surface temperature (SST) in the (clockwise from top left) 
winter, spring, fall, and summer. Color values are defined by the color bar on the right. Bathymetry is 
drawn every 25m to 100m, every 100m to 1000m, and at 2000m and 3000m. 
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4.4.1.2 Surface Salinity 
Surface salinity decreased throughout the GOM ROMS domain by 0.9 PSU on average 
(Figure 4-6). As with sea surface temperature, although the seasonal signal was largely 
consistent between sub-regions, the degree of freshening varied. Salinity decreased between 
0.8 and 1.1 PSU in the Bay of Fundy, GOM, and eastern Maine sub-regions, with the 
largest decrease occurring in the fall. On the Scotian Shelf, meanwhile, surface salinity 
decreased between 0.2 and 0.7 PSU, with the largest decrease in August.  
 
Figure 4-6 - Seasonally-averaged change in surface salinity in the (clockwise from top left) Winter, 
Spring, Fall, and Summer. Color values are defined by the color bar on the right. Bathymetry is drawn 
every 25m to 100m, every 100m to 1000m, and at 2000m and 3000m. 
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4.4.1.3 Stratification 
Stratification largely increased in the forecast throughout the domain, with notable 
exceptions. Near the coast, in the Bay of Fundy, and at the crest of Georges Bank, 
stratification did not increase in the forecast, even in the summer. Stratification increased 
at the edges of Georges Bank, however, in the summer and fall. On the Scotian Shelf, 
stratification decreased in the winter and spring but increased in the summer and fall. In 
the GOM interior and on Browns Bank, stratification increased year-round. Regardless of 
interregional variability, the largest stratification increases occurred in the summer and 
fall (Figure 4-7).  
 
Figure 4-7 - Seasonally-averaged change in stratification in the (clockwise from top left) Winter, Spring, 
Fall, and Summer. Color values are defined by the color bar on the right. Bathymetry is drawn every 25m 
to 100m, every 100m to 1000m, and at 2000m and 3000m. 
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4.4.1.4 Gulf of Maine Inflow Ratio 
The Gulf of Maine inflow ratio increased year-round in the forecast, with no discernible 
seasonal variability. In the hindcast the ratio was approximately 0.5 on average, indicating 
that 50% of the inflows came via the Nova Scotia coastal route. In the forecast the inflow 
ratio increased by 0.1 on average, which is about 20% of the hindcast ratio (Figure 4-8). 
 
Figure 4-8 – Change in GOM inflow ratio vs. day of the year. “Year Change” refers to the difference between 
one forecast year and its corresponding hindcast year and is plotted in grey. “Composite Year Change” is 
the difference between the forecast composite year and the hindcast composite year and is plotted in red. 
Data were smoothed over a weekly time scale before plotting. 
  
 122 
4.4.1.5 Eastern Maine Coastal Current 
In the forecast, alongshore transport in the EMCC decreased by 5% on average in the 
winter and spring and increased by 5% on average in the summer and fall. The result of 
this was an intensified seasonal signal, with the greatest increase (17%) occurring in mid-
September (Figure 4-9). When the increase in total transport peaked, the alongshore 
velocity increased by about 2 cm s-1 over the hindcast. 
 
Figure 4-9 - (top) Alongshore EMCC transport from the hindcast composite year (blue) and the forecast 
composite year (red) vs. day of the year. Dashed lines in corresponding colors indicate the year-long average. 
(bottom) Change in alongshore EMCC transport vs. day of the year (yellow, left y axis), and monthly river 
delta as a percent change for each month (black, right y axis). EMCC data were smoothed over a weekly 
time period before plotting.  
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4.4.2 Predicted Changes to Pseudo-nitzschia Growth 
4.4.2.1 Growth Potential 
Averaged across the GOM ROMS domain and across all years, growth potential at the 
surface decreased in the forecast. In most of the domain, average potential growth rates 
increased from November to June and decreased from June to November. However, there 
was seasonal and interregional variability. The springtime increases were larger in the 
Scotian Shelf, Bay of Fundy, and Eastern Maine sub-regions than in the GOM sub-region, 
while the summertime decreases were larger in the GOM and Scotian Shelf sub-regions 
than in the Bay of Fundy and Eastern Maine sub-regions (Figure 4-10). The seasonal 
pattern of change in potential growth potential was similar at 10m, but the summertime 
decrease was not as large in any of the sub-regions as it was at the surface. In the Eastern 
Maine and Bay of Fundy sub-regions, change in potential growth at 10m was greater than 
or equal to zero throughout the summer (Figure 4-10).   
Averaged seasonally, change in growth potential in most sub-regions was positive in winter 
and spring and negative in summer and fall. This is a result of increasing temperatures. 
Temperatures in winter and spring were less than the peak growth temperature in the 
hindcast and warmed toward peak growth temperatures in the forecast. In contrast, 
temperatures in summer and fall were near to or greater than the peak growth temperature 
in the hindcast and became less favorable in the forecast. The exceptions to this are the 
crest of Georges Bank, the shelf south of Nova Scotia, the Bay of Fundy, and the eastern 
coast of Maine, where average change in growth potential at the surface was greater than 
or equal to zero in all seasons (Figure 4-11). Although growth potential did decrease 
slightly in the summer in the Bay of Fundy (Figure 4-10), this was balanced out by 
increasing growth potential when averaged over the season. 
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Figure 4-10 - Change in potential growth for each of the four sub-regions (see legend) vs. time at the surface 
(top) and at 10m (bottom). 
 125 
 
Figure 4-11 - Average change in surface potential growth in the GOM ROMS domain in the (clockwise 
from top left) winter, spring, fall, and summer. Color values are given by the color bar on the right. 
 
4.4.2.2 Bloom Timing 
Bloom timing shifted earlier in the spring by 1–2 weeks and later in the fall by 4–6 weeks. 
The later fall shift is qualitatively consistent with the findings of Record et al. (2019) for 
phytoplankton in the GOM, but the earlier spring shift is in the opposite direction of 
Record et al.’s findings. Shifts in bloom timing were not statistically significant in all sub-
regions, however. Statistical significance was tested via the two-sided Wilcoxon rank sum 
test, which tests the null hypothesis that the data in two samples are from distributions 
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with the same median. The later shift in fall bloom timing was significant in the GOM, 
Scotian Shelf, and Bay of Fundy sub-regions, while the earlier shift in spring bloom timing 
was only significant in the GOM and on the Scotian Shelf. Significant changes are 
summarized in Table 4-2.  
Table 4-2 - Shift in bloom timing in days for each sub-region in the spring and fall. Only numbers that 
are significant at the 5% confidence level are listed. The difference is given in days in the table but 
rounded to the nearest week in the text. No significant changes were recorded in the Eastern Maine sub-
region. 
Sub-Region 
Spring Bloom Timing Shift 
(days) 
Fall Bloom Timing Shift 
(days) 
Gulf of Maine -13 +26 
Scotian Shelf -6 +42 
Bay of Fundy -- +27 
 
4.4.2.3 Growing Season 
In addition to shifts in bloom timing, the number of days in the growing season changed 
in the forecast. In the Bay of Fundy, the growing season increased significantly by 3 weeks. 
Changes in growing season averaged over the Eastern Maine Coast, GOM, or Scotian 
Shelf sub-regions were not significant according to the Wilcoxon rank sum test. When the 
year was divided into spring and fall growing seasons (i.e. the first half and second half of 
the year), it became apparent that most of the increase happened in the first half of the 
year. The spring growing season increased significantly by 4–6 weeks in all sub-regions, 
while the fall growing season decreased significantly by 6–7 weeks in the GOM and Scotian 
Shelf sub-regions. Significant changes in growing season for each sub-region are 
summarized in Table 4-3. 
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Table 4-3 - Change in growing season in days averaged over each of the sub-regions. Only numbers that 
are significant at the 5% confidence level are listed. The difference is given in days in the table but 
rounded to the nearest week in the text. 
Sub-Region 
Annual Growing 
Season dt (days) 
Spring Growing 
Season dt (days) 
Fall Growing 
Season dt (days) 
Gulf of Maine -- +40 -43 
Scotian Shelf -- +40 -51 
Bay of Fundy +23 +36 -- 
Eastern Maine Coast -- +28 -- 
 
4.5 Discussion 
4.5.1 Mechanisms Behind Changing Hydrodynamics 
4.5.1.1 Sea Surface Temperature, Surface Salinity, and Stratification 
The general trend in sea surface temperature – warming overall and enhanced warming 
in the summer – was also noted in Alexander et al. (2020) and in the GFDL-ESM2M. 
Enhanced warming in the late summer is likely driven by the Delta in atmospheric 
temperature. A comparison of the domain-averaged change in sea surface temperature 
and average change in air temperature showed that the two signals were synchronous (not 
shown). Summer stratification can also exacerbate warming: increased stratification leads 
to reduced mixing with cooler, deeper waters, stronger air-sea temperature coupling, and 
a shallower layer over which to distribute the heat flux (Alexander et al., 2020, 2018). 
Warming was stronger on the Scotian Shelf than in other sub-regions (Figure 4-5), the 
cause of which is two-fold. First, northerly latitudes are expected to undergo enhanced 
warming, as shown in the GFDL-ESM2M output (Alexander et al., 2020). Second, the 
Scotian Shelf saw a larger summertime increase in stratification than the other sub-
regions, which – as mentioned above – can lead to stronger temperature increases. In 
contrast, the Bay of Fundy and Eastern Maine sub-regions, although at similar latitudes 
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to the Scotian Shelf sub-region, had amongst the smallest changes in sea surface 
temperature (Figure 4-5). This is likely the result of strong tidal mixing in these areas, 
which offset the surface warming by mixing cooler waters to the surface. Increased 
stratification was correlated with increased surface temperatures in the summer and fall, 
and with decreased surface salinity in the winter (Appendix C, Figure 8-6). Browns Bank 
saw the strongest increase in stratification because it was one of few areas that was well-
mixed in the hindcast but stratified in the forecast. 
Surface salinities decreased throughout the domain, and the GOM ROMS became overall 
fresher, with the largest decrease in late summer (Figure 4-6). An analysis of the eastern 
(upstream) boundary showed that decreased salinity is the result of increased freshwater 
transport into the domain at the Scotian Shelf, which also peaks in the summer. 
Freshening north of 40°N was a feature in the GFDL-ESM2M output, with stronger 
freshening in June-July-August than in December-January-February (Alexander et al., 
2020). This northerly freshening occurred because the change in evaporation minus 
precipitation is strongly negative in the Subpolar Gyre and Labrador Sea (∆(~ − Y) < 0) 
in the GFDL-ESM2M, and freshening occurred in the GOM because of freshwater 
advection to the southwest (Alexander et al., 2020). On the inner Scotian Shelf, salinity 
Deltas were negative and velocity Deltas toward the GOM were positive, supporting the 
idea that freshening in the domain was caused by freshwater advection from upstream. 
(As mentioned in Section 4.3, the NWA ROMS and GOM ROMS disagreed on the degree 
of freshwater advection, but both models predicted an increase in freshwater flux at the 
eastern boundary in the forecast.) Some areas saw stronger freshening than the average 
trend however, especially areas of steep bathymetry (Figure 4-6). This change was 
particularly apparent on Georges Bank and was simulated by the GOM ROMS but not 
the NWA ROMS. This is because a higher resolution model supports finer scale variability 
and is likely more influenced by bathymetric structure. 
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4.5.1.2 Gulf of Maine Inflow Ratio 
An analysis of each component of the GOM inflow ratio showed that the increase is caused 
more by increased Scotian Shelf Water inflows than by decreased Northeast Channel 
inflows (Appendix C, Figure 8-7). Increased Scotian Shelf Water inflows are likely a result 
of the increased velocities (and consequently, transport) at the eastern boundary (Figure 
4-4). Alongshore transport on the Scotian Shelf flows southwest and enters the GOM with 
Scotian Shelf inflows at the southern tip of Nova Scotia. Because Scotian Shelf Water 
inflows are relatively cool (Townsend et al., 2015), and because the inflows continue via 
the coastal current into the Bay of Fundy, increased Scotian Shelf Water inflows could 
help explain the relatively small increases in sea surface temperature near the coast at 
Nova Scotia, in the Bay of Fundy, and along the eastern Maine coast. In both the hindcast 
and forecast composite years, a mass of cool surface water is apparent that enters the 
domain from the Scotian Shelf, wraps around Nova Scotia, and spreads into the Bay of 
Fundy, similar to what has been seen in satellite images (Luerssen et al., 2005). In the 
forecast composite year, while the average surface temperature in most of the domain was 
16℃, this water mass remained between 8 and 12℃ (Appendix C, Figure 8-8).  
4.5.1.3 Eastern Maine Coastal Current 
The Eastern Maine Coastal Current is pressure-gradient-driven and influenced by several 
forces, including river outflow (Bisagni et al., 1996; Brooks, 1994; Keafer et al., 2005), 
Scotian Shelf inflows (Brooks, 1994; Lynch et al., 1997), and the volume and extent of 
dense slope water in the Jordan Basin (Brooks, 1994; Lynch et al., 1997). Pettigrew et al. 
(2005) observed increased transport in the spring and summer because of river discharge. 
The river Deltas peaked in June, and were greater than zero from mid-May to  
mid-September (Figure 4-9). EMCC transport, meanwhile, increased in the forecast from 
mid-July to mid-October. This is a delay of about 60 days, which is longer than the 45 
day lag between the St. John River and Penobscot Bay that was suggested by Brooks 
(1994). Yet it is not so different that the rivers cannot be a contributing factor to the 
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enhanced EMCC transport. An important aspect of this potentially causal relationship is 
that the expected changes in river outflow with climate change are not agreed upon for 
this region: while most studies agree that river discharge is expected to decrease at low 
latitudes and increase at high latitudes as a result of climate change, they disagree on 
whether the GOM is a “high latitude” or “low latitude” region (e.g. Arnell, 1999; Gosling 
et al., 2017, 2011; Prudhomme and Davies, 2009). The sensitivity of the results to the 
river Deltas suggests that an ensemble approach might be appropriate in future studies. 
Another driving factor to EMCC transport is the strength of Scotian Shelf inflows. 
Increased inflows are evident via the increased GOM inflow ratio, as explained above, and 
these inflows help regulate the strength of buoyancy circulation in the eastern GOM 
(Brooks, 1994). Stronger inflows enhance the baroclinic gradient from the edges of Jordan 
Basin to the center, creating stronger cyclonic circulation. The increased Scotian Shelf 
inflows, as evident in the increased GOM inflow ratio, could have contributed to the 
changes in EMCC transport. The GOM inflow ratio increased year-round, however, with 
no apparent seasonal variability, while the EMCC transport decreased from February to 
June and increased from July to November. Scotian Shelf inflows, therefore, likely did not 
contribute to the increased seasonality of the EMCC.  
The third factor to EMCC transport is the strength of the cyclonic circulation around 
Jordan Basin. Inflows of deep, saline, dense slope water via the Northeast Channel set up 
a baroclinic gradient that results in the cyclonic Jordan Basin Gyre, of which the EMCC 
is the onshore extension (Lynch et al., 1997). Therefore, changes in EMCC transport could 
also be driven by changes in slope water inflows. The average depth of the 33 PSU 
isohaline, the boundary of slope water inflows as defined in Brooks and Townsend (1989) 
was plotted in the GOM interior in the hindcast composite year and the forecast composite 
year (Figure 4-12). Two changes were apparent. First, in the forecast summer, the 33 PSU 
isohaline extended farther westward into Wilkinson Basin. The effects of the increased 
westward extent are discussed in Section 4.5.4. Second, on average, the isohaline deepened 
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by 60–80m in all seasons. In the hindcast, the 33 PSU isohaline was at 25m in the GOM 
interior, while in the forecast it was found at 100m (Figure 4-12). Brooks and Townsend 
(1989) observed the 33 PSU isohaline shoaling from 100m at the edge of Jordan Basin to 
60m in the middle of the basin, and used this cross-shore gradient to explain baroclinic 
controls of the EMCC. However, because the depth of the 33 PSU isohaline in the forecast 
was beyond the observed historical range, it is difficult to translate isohaline depth into a 
cross-shore gradient based on the same methods. This method is therefore not appropriate 
for determining the strength of baroclinic circulation under future climate scenarios, and 
more work should be done to calculate the cross-shore density gradient directly from 
model-simulated temperature and salinity.   
From the three driving factors discussed, it seems most likely that increased EMCC 
transport was due to the change in river discharge, perhaps with additional contribution 




Figure 4-12 - Depth of the 33PSU isohaline in the GOM in (top) the hindcast and (bottom) the forecast 
simulations, averaged over (left) the summer and (right) the fall. The isohaline in the Gulf interior is 
labeled, and the depths of the contour lines are given by the color bar on the right. Contours from both the 
hindcast and the forecast were drawn at 25, 50, 60 70, 80, and 100m.  
4.5.2 Effects of Physical Changes on Phytoplankton Functional Groups 
In some instances, long-term warming has been shown to contribute to shifts in the 
phytoplankton assemblage toward diatoms, away from dinoflagellates (Hinder et al., 
2012). The corresponding increase in stratification, however, may be less favorable. 
Increased stratification with climate change in the global oceans will have different 
consequences depending on the latitude and phytoplankton in question (Anderson, 2014; 
Hallegraeff, 2010; Moore et al., 2008; Wells et al., 2020). Diatoms (including Pseudo-
nitzschia) are typically competitive in turbulent, eutrophic waters because they have faster 
growth rates under high nutrient concentrations (Miller and Wheeler, 2012), but their 
inability to swim and their hard silica shells necessitate a physical transport process to 
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return them to the surface (Miller and Wheeler, 2012). Increased stratification might 
suppress vertical mixing and therefore shift the assemblage away from diatoms.  
Increased stratification may also suppress wind-induced vertical mixing. This suppresses 
the introduction of new nutrients from deeper waters, which presents a challenge to the 
entire phytoplankton community (Doney, 2006). Dinoflagellates might be more 
competitive than diatoms in this environment because they can migrate vertically to 
access nutrients. Pseudo-nitzschia might also have an advantage relative to other diatoms, 
because they are smaller and lightly silicified, so they do not require as much silica 
(Marchetti et al., 2004; Parsons et al., 2002). Whether that advantage is strong enough 
to overcome the disadvantages of negative buoyancy and immobility remains to be seen.  
4.5.3 P. australis Potential Growth 
The temporal and spatial variability in predicted P. australis potential growth is driven 
directly by the variability in ocean temperatures. In the forecast, when ocean temperatures 
were greater than 15℃, potential growth rates decreased. This happened throughout the 
domain in the summer and early fall, as shown in Figure 4-10. The effect was least severe 
in the Bay of Fundy and Eastern Maine Coast sub-regions because the combination of 
strong tidal mixing, northerly latitude, and cool inflows from the Scotian Shelf kept 
temperatures in the species’ preferred 11–15℃ temperature range. This explains why 
seasonally-averaged growth potential increased in each season in the forecast in these sub-
regions but nowhere else in the domain (Figure 4-11).  
Changes in growth potential also depended on the depth that was chosen for analysis. 
Although potential growth rates at the surface decreased in every sub-region in the 
forecast summer, the effect diminished with depth. In the Bay of Fundy and Eastern 
Maine Coast sub-regions, 10m potential growth rate did not change (Figure 4-10) in the 
summer. This is logical, because sub-surface waters are not as closely coupled to 
atmospheric temperature. It is also an important distinction, because P. australis was 
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sampled below the surface at 10 and 20m in the ship survey described in Clark et al. 
(2019). In addition, sub-surface populations have been found to seed Pseudo-nitzschia 
blooms off the coasts of Ireland (Cusack et al., 2015), Washington state (Trainer et al., 
2000), and Southern California (Seegers et al., 2015). Just because the surface becomes 
too warm does not mean that the environment becomes inhospitable to P. australis; future 
blooms might become more dependent on sub-surface populations that are deep enough 
to be in cooler water but shallow enough to be in the euphotic zone. Whether or not these 
deep populations are exposed to coastal shellfish populations is another matter. 
Although the discussion above treats the surface and 10m P. australis populations as 
distinct, this is not likely. It is more likely that cells in the surface mixed layer are exposed 
to a variety of depths because of strong vertical mixing. Their environmental temperature 
is therefore more accurately represented by an average over the mixed layer depth. By 
focusing on temperatures at the surface and 10m, we might neglect cooler water at depth, 
such that the growth potential estimates from the surface as presented here are an upper 
bound estimate. Future studies would more accurately predict changes to P. australis 
potential growth by averaging water temperature over the entire mixed layer. However, 
the mixed layer is, by definition, well-mixed, and temperatures should be similar. 
Calculations based on average mixed layer temperature are therefore not expected to 
change the results significantly.   
Light and nutrient availability are other environmental factors that might affect               
P. australis blooms in the future. Neither of these parameters are addressed by a simple 
model of growth based on temperature, but they may interact with potential growth rates 
to influence the likelihood of a bloom. Analysis of bloom timing indicated that spring 
blooms of P. australis might shift earlier by 1–2 weeks in the spring and fall blooms might 
shift later by 4–6 weeks. In early spring, nutrients are typically readily available because 
of winter mixing, but available light is low until mid-March. In the fall, nutrients are often 
depleted at the end of the growing season, and available light becomes limiting after 
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October. Therefore, a new spring niche for P. australis blooms in April or May seems 
more likely than an expanded fall niche in late October or November. However,                 
P. australis has bloomed in October and November in the GOM since 2016, suggesting 
that light and nutrient availability do not prevent its survival.  
Another point of consideration is that Pseudo-nitzschia species are not the only 
phytoplankton present in the GOM, and the changes discussed herein will likely affect 
other planktonic function groups as well. For example, early stratification onset could lead 
to an earlier spring bloom (Sverdrup, 1953), which could deplete nutrients before Pseudo-
nitzschia can even grow. This phenomenon has already occurred in the GOM, and partly 
explains the suppression of the annual A. catenella bloom in 2010 (McGillicuddy et al., 
2011). In a nutrient-depleted environment, plankton with greater nutrient uptake rates or 
lower nutrient requirements would have a competitive advantage. Increased stratification 
might also favor plankton groups that can swim, such as dinoflagellates, which also include 
several other HAB species (Hallegraeff, 2010). These are only a few examples of how the 
changes predicted in this study might affect the broader ecosystem. A complete 
understanding of P. australis bloom dynamics in the future will require a deeper 
investigation of how its phenology interacts with other environmental factors, and the 
planktonic ecosystem in which it is embedded. 
4.5.4 P. australis in the Eastern Gulf of Maine 
The predicted changes to hydrodynamics and P. australis growth potential, when 
combined, suggest that P. australis blooms in the eastern GOM may intensify in the latter 
half of the 21st Century. First, Clark et al. (submitted) established that the most likely 
introduction pathway of P. australis to the GOM in 2016 was from the inner Scotian Shelf 
via the coastal current south of Nova Scotia. They also left open the possibility that this 
connection could re-introduce P. australis cells in subsequent years. Assuming an 
upstream population of P. australis of a given cell density, increased transport from the 
Scotian Shelf would increase the number of cells that are carried to the Bay of Fundy. In 
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addition, the cells are more likely to be healthy because Scotian Shelf inflows typically 
have a silica-to-nitrogen ratio greater than 1 (Townsend et al., 2010). This could then 
increase the likelihood of a bloom in the Bay of Fundy, but it might decrease the likelihood 
of DA production, which is often associated with low silica-to-nitrogen ratios (Lema et 
al., 2017; Tatters et al., 2012; Terseleer et al., 2013).  
Whether more cells are introduced into the region or not, potential growth estimates show 
that some parts of the eastern GOM are the only regions in the domain where annually-
averaged potential growth rates increased in the forecast. In addition, average potential 
growth rates increased from fall to early spring, which overlaps with when P. australis 
blooms have occurred in years past. The seminal 2016 DA event began in September and 
continued into October along the eastern Maine coast (Clark et al., 2019), and toxic         
P. australis cells were observed near the coast of Rhode Island in March 2017 (Borkman, 
2021). Connectivity to southern New England from the eastern GOM can occur within 2 
months via the Western Maine Coastal Current and Great South Channel outflows 
(Manning et al., 2009), so it is possible that these populations were connected, and that 
the P. australis cells survived through the winter. Since 2016, P. australis cells have 
bloomed in eastern Maine each year in the late fall (Chadwick, 2021), although whether 
these blooms are connected to the original 2016 event or are the result of repeated 
introduction is still unknown (Clark, et al., submitted). Regardless, in the forecast, the 
Bay of Fundy and eastern Maine coast became more hospitable at the time of year when 
regional P. australis blooms have occurred.  
Finally, increased EMCC transport in the fall might affect P. australis bloom distribution. 
EMCC transport in the forecast increased at the same time of year when P. australis 
blooms have historically occurred, and the EMCC is known to contribute to the alongshore 
extent of HABs in the GOM (Anderson et al., 2005; Franks and Anderson, 1992). A bloom 
that is transported by the EMCC has two possible outcomes. If the connection to the 
Western Maine Coastal Current (WMCC) is strong, then cells will be carried into the 
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western GOM. If the connection to the WMCC is weak, cells will be carried offshore 
upstream of Penobscot Bay and not connect to the WMCC.  
The strength of the east-west connectivity varies interannually, ranging from a “door 
closed” scenario to a “door open” scenario, with the most common being “door ajar”, i.e. 
partial connectivity (Pettigrew et al., 2005). Increased river outflow can lead to stronger 
connectivity (Brooks, 1994), but it can also guide the EMCC offshore by creating a front 
just upstream of Penobscot Bay (Brooks, 1994; Luerssen et al., 2005). The offshore turning 
is also driven by the location of deep slope water, in a process known as “slope water 
steering” (Brooks and Townsend, 1989). Brooks and Townsend observed that, as the slope 
water spread toward the southwest over the summer, the point of offshore flow progressed 
from upstream to just downstream of Penobscot Bay. The location of the offshore turning 
coincided with the edge of the slope water intrusion. As mentioned in Section 4.5.1.3, 
slope water in the forecast summer was, on average, deeper and farther to the west than 
in the hindcast summer. The contours in Figure 4-12 show the 33 PSU isohaline spreading 
across Jordan and Wilkinson Basins at 100m. Similarly, in 2000, Pettigrew et al. (2005) 
observed that slope water filled the entire GOM interior, leading to a dominant gulf-wide 
cyclonic circulation, reduced Jordan Basin Gyre circulation, and a strong EMCC-WMCC 
connection. Therefore, from changes to slope water intrusion, the east-west connectivity 
in the Maine Coastal Current might be expected to increase. 
From a 25-year average, there is not enough information to predict this interannually 
variable process, but future studies should address this variability (see Section 4.5.6). In 
the forecast, connectivity from east to west could be strengthened by increased river 
outflow, or it could be weakened by increased offshore flow at Penobscot Bay. Based on 
the ROMS model output, increased river outflow, and calculations of EMCC transport, it 
seems likely that the EMCC-WMCC connectivity in the forecast summer and fall will 
increase as described by Brooks (1994). Increased river outflow might be expected to 
strengthen the alongshore transport of P. australis cells, carrying them from the eastern 
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GOM to the west. This hypothesis should be the subject of future monitoring efforts and 
research.  
4.5.5 Pseudo-nitzschia Community Composition  
P. australis is not the only Pseudo-nitzschia species in the GOM; there are currently 15 
species that have been observed in the region (Clark et al., 2019; Fernandes et al., 2014). 
In addition, some of these (such as P. plurisecta and P. seriata) are known DA producers. 
There are several examples of shifts in species composition in response to changing 
environmental factors on event (Schnetzer et al., 2013, 2007), seasonal (Fehling et al., 
2006; Thessen and Stoecker, 2008) and decadal (Lundholm et al., 2010; Parsons et al., 
2002) time scales. Because of this, and because climate change is unlikely to affect             
P. australis alone, it is important to consider how the species assemblage might change 
as a result of climate change.  
To consider an envelope of variability, P. australis was compared to a representative 
“cold-adapted” species and a representative “warm-adapted” species, both of which already 
exist in the GOM Pseudo-nitzschia species assemblage. P. seriata has been shown to grow 
in -2 to 12℃, with a lethal limit from 12–15℃ (Smith et al., 1994), and was chosen as the 
representative cold-adapted species. P. plurisecta typically blooms in the GOM in July 
and August and dominated the species assemblage at 15.5–16℃ in 2013 (Clark et al., 
2019, Figure 3), so was been chosen as the representative warm-adapted species. To assess 
how these species’ growth might change as a result of warming temperatures, the  
P. australis growth curve was shifted to their corresponding temperature ranges such that 
the curve approached zero at 15℃ for P. seriata and growth peaked at 17℃ for                  
P. plurisecta. (Appendix C, Figure 8-9). The same analyses of potential growth, bloom 
timing, and growing season were then calculated. This is only an approximation for species 
whose growth curves peak at higher or lower temperatures, because the full growth rates 
as a function of temperature for the GOM strains of P. plurisecta and P. seriata are not 
known. Measured growth rates for P. seriata isolated from Scottish waters were 
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approximately 0.55–0.58 day-1 in a study by Fehling et al. (2004), which is similar to the 
maximum growth rate for P. australis (0.47 day-1) measured in Clark et al. (submitted). 
Growth rates for P. plurisecta are not currently available in the literature. This approach 
does not seek to understand how all species in the Pseudo-nitzschia assemblage might 
change, but rather the envelope of possible variability.  
In the forecast, the cold-adapted species’ growth potential decreased from May through 
January, with a slight increase from February through April (Figure 4-13). This is because 
the GOM became too warm on average for this species. Spring bloom timing for the cold-
adapted species shifted earlier by 3–7 weeks, the fall was too warm in both the hindcast 
and the forecast, and the growing season contracted by 3–6 weeks (Table 4-4). Meanwhile, 
time periods previously too cold for the warm-adapted species (such as spring) became 
more hospitable, and in the forecast summer, the warm-adapted species’ potential growth 
increased as P. australis growth decreased (Figure 4-13). Spring bloom timing for the 
warm-adapted species shifted a week earlier, fall bloom timing shifted 3–5 weeks later 
from the summer to the early fall, and its growing season in the Bay of Fundy and eastern 
Maine coast increased by 4 weeks (Table 4-4).  
 
Figure 4-13 - Change in growth potential at the surface averaged over the Bay of Fundy vs. time for (black) 
P. australis, (blue) the cold-adapted species, and (red) the warm-adapted species. The Bay of Fundy was 
chosen as an illustrative sub-region because of its relevance to P. australis blooms in the GOM and because 
it was one of only two sub-regions where change in growing season was significant for all three species. 
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Table 4-4 - Change in growing season (days) for P. australis and the representative cold-adapted and warm-
adapted species. Only numbers that were significant at the 5% confidence level are shown. Note that values 
are given in days in the table and listed as weeks in the text. 
Sub-Region 
P. australis  
Season dt (days) 
Cold Species  
Season dt (days) 
Warm Species  
Season dt (days) 
Gulf of Maine -- -37 -- 
Scotian Shelf -- -27 -- 
Bay of Fundy +24 -31 +28 
Eastern Maine +19 -39 +26 
 
To summarize, the forecast GOM was too warm for the cold-adapted species, decreasing 
their ability to grow without adaptation. Temperatures remained in the optimal window 
for the warm-adapted species and P. australis to grow, but at different times and with 
longer growing seasons than in the hindcast. In the forecast eastern GOM, P. australis 
bloom timing and growing season shifted to replace the cold-adapted species, while the 
warm-adapted species moved into time periods previously dominated by P. australis, such 
as the early fall. This suggests that niches might open up in both spring and early fall for 
blooms of species that previously only bloomed in the summer in the GOM, while niches 
close for colder adapted species. In addition, in the forecast there is a lower likelihood of 
summertime blooms by species in the same temperature range as P. australis, and a higher 
likelihood of over-winter blooms, provided they are adapted to low-light conditions.  
These predictions all rely on a growth curve for a single isolate of P. australis. However, 
there are presently 15 Pseudo-nitzschia species in the GOM that might thrive in a variety 
of temperatures, and there are likely to be multiple strains within a single species. As 
temperatures increase, it is possible that strains more suited to the warmer temperatures 
could out-compete cold-adapted strains, such that the shift occurs between species strains, 
not between species. For example, a warm-adapted strain of P. australis might bloom in 
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the future, rather than P. plurisecta. These predictions should therefore be treated with 
caution as just one example of what might happen in the future.  
4.5.6 Variability and Episodic Events in the Context of Long-Term Change 
The analysis in this study has focused on mean changes in hydrodynamics, temperature, 
and Pseudo-nitzschia potential growth. However, it is not only the mean change that 
matters, but also variability superimposed on the mean change. Episodic events such as 
the Warm Blob on the U.S. West Coast (McCabe et al., 2016; Ryan et al., 2017; Trainer 
et al., 2020) and marine heat waves in the GOM (Pershing et al., 2018, 2015) have caused 
extreme Pseudo-nitzschia blooms and fisheries collapse, respectively. Indeed, previous 
HABs in the GOM can illustrate how episodic events might be affected by changes to the 
long-term mean. 
An example of an historic episodic event is the suppression of the 2010 A. catenella bloom 
in the GOM, which did not occur despite large cyst abundance that portended a large 
bloom (McGillicuddy et al., 2011). In that year, abnormally warm and fresh surface waters 
led to early onset of stratification, an early spring bloom, and depletion of nutrients in 
surface waters. The resulting mismatch in nutrient availability and A. catenella 
germination suppressed the A. catenella bloom. In addition, strong upwelling-favorable 
winds reduced the alongshore transport via the Maine Coastal Current, limiting the spatial 
distribution of those cells that did grow (McGillicuddy et al., 2011). These simultaneous 
changes in hydrodynamics are an example of how the mean shift alone might not tell the 
whole story; concurrent changes, or variability beyond the range of tested values, can alter 
bloom dynamics or suppress a bloom entirely. Some of the changes that suppressed the 
2010 bloom, such as warm, fresh surface waters and earlier stratification onset, are also 
predicted to occur with climate change, increasing the likelihood that such episodic events 
might become more ordinary in the future (discussed more below). This therefore is one 
example of what to expect in the future, particularly with regards to stratification and 
early nutrient depletion (see also Section 4.5.2). 
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The 2016 P. australis bloom is another example of an episodic event that occurred in the 
context of long-term, mean changes. As discussed in Section 3.4.2, the marine heat wave 
of 2016 may have contributed to the later bloom timing in 2016. In addition, long-term 
increases in Scotian Shelf Water inflows (Townsend et al., 2010) coincided with                 
P. australis introduction via the coastal route around Nova Scotia (Clark et al., 
submitted), and large-scale changes in water mass properties upstream could have affected 
nutrient availability prior to and during the bloom (Clark et al., submitted). With climate 
change, at least two of these effects are expected to continue in the mean: warming 
temperatures in the eastern GOM and increased Scotian Shelf inflows relative to Northeast 
Channel inflows.  
In the future, extreme events that were previously rare might become more common, but 
their likelihood is not addressed by looking only at the mean change. One such example 
is marine heat waves. Considering the role that these events apparently play in Pseudo-
nitzschia bloom intensity, it would be prudent to explore changes in temperature extrema. 
Future analysis should explore, for example, how often the present-day 90th percentile of 
temperature is exceeded in the forecast. Other examples are extreme changes in inflows 
and transport. Although the GOM inflow ratio is expected to increase by 0.1 on average, 
Figure 4-8 shows some increases greater than 0.3, and events on weekly time scales are 
not even captured. Similarly, estimates of changes in EMCC transport do not account for 
years of extraordinarily high or low transport, which determine the degree of EMCC-
WMCC connectivity. Future work should therefore focus on exploring variability in 
climate predictions as well as changes to extreme events.  
4.6 Conclusions 
In this study, the Delta Method was used to downscale climate simulations to a                  
1-km-resolution GOM ROMS and to simulate the effects of climate change on Pseudo-
nitzschia bloom dynamics in the GOM. Output was analyzed for changes to sea surface 
temperature, surface salinity, stratification, inflows, transport, and P. australis growth, 
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bloom timing, and growing season. Scotian Shelf inflows to the GOM may increase by as 
much as 20% in the future, and autumnal transport in the Eastern Maine Coastal Current 
may increase up to 17%. In the forecast simulations, as a result of increased sea surface 
temperature, P. australis surface potential growth increased throughout the domain from 
November to June and decreased in most of the domain from June to November. A notable 
exception is the coastal eastern GOM, particularly the Bay of Fundy and eastern Maine 
coast, where surface potential growth rates increased year-round on average in the forecast 
simulation. Sub-surface growth rates also did not decrease as much as surface growth rates 
in the forecast simulation, suggesting increased importance of sub-surface populations. As 
a result of stronger Scotian Shelf inflows and increased growth potential, P. australis 
blooms in the eastern GOM may intensify with climate change. Blooms are also likely to 
shift later in the fall and are more likely to persist through winter into spring. As the 
timing and duration of P. australis blooms change, so might the GOM Pseudo-nitzschia 
community composition: cold-adapted species are likely to become less frequent, and 
warm-adapted species might move in to fill the gap left by P. australis and other mid-










































This thesis advances our understanding of Pseudo-nitzschia and Harmful Algal Blooms in 
the GOM. In it, Pseudo-nitzschia bloom dynamics in the GOM are explored, and 
hypotheses for new species introduction are evaluated. The thesis also looks toward the 
future and predicts how Pseudo-nitzschia bloom dynamics might change with climate 
change. 
The first part built on existing Pseudo-nitzschia research in the GOM (Bates et al., 2018; 
Fernandes et al., 2014) by analyzing the spatial and temporal patterns in Pseudo-nitzschia 
species composition in the GOM from surveys in the years 2012–2016. Pseudo-nitzschia 
blooms prior to 2016 followed consistent biogeography, with community composition 
dominated by P. delicatissima, P. seriata, P. plurisecta, and P. pungens. In 2016, for the 
first time in the GOM, P. australis was observed and shellfisheries were closed because 
DA concentrations exceeded the regulatory limit (Bates et al., 2018). PDA concentrations 
increased with cell concentrations and the relative and absolute abundance of known toxic 
species. No significant correlations were found, however, between environmental factors 
and individual species, environmental factors and pDA, or individual species and pDA. 
The high pDA in 2016 was attributed to the presence of P. australis in combination with 
low residual silica. This part of the thesis established the hypothesis that P. australis was 
carried in on an anomalously saline water mass in 2016, upon which the second study 
focused. 
In the second part of the thesis, a physical model, particle tracking model, and 
observations were used to explore P. australis introduction and connectivity pathways to 
the GOM in 2016. Particle tracking experiments suggested that the anomalously saline 
water observed in the first study originated near the bottom of the Scotian Shelf and 
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entered the GOM via the Northeast Channel. This water mass likely did not carry  
P. australis cells, however. Based on particle tracking experiments, P. australis cells likely 
originated near the surface on the Scotian Shelf and were carried into the GOM via the 
coastal current south of Nova Scotia. Regional connectivity and potential growth rates – 
based on laboratory studies of growth as a function of temperature – were not significantly 
different in 2016 compared to the other years between 2012 and 2019, but surface salinity 
on the Scotian Shelf was 0.6 PSU lower than 6 of the 7 other years, and bottom salinity 
on the Scotian Shelf was 0.7 PSU greater than the 1981–2010 climatology. This suggests 
that the bloom was controlled by large-scale processes, not local-scale ones. P. australis 
in the GOM may have originated in either the Gulf of St. Lawrence or the Labrador 
Current, with an ultimate upstream population in the eastern North Atlantic. This part 
of the thesis suggested that large-scale hydrodynamic changes could affect Pseudo-
nitzschia blooms in the GOM and laid the foundation for the following study of climate 
change. 
In the third part of the thesis, climate simulations were downscaled to the GOM ROMS 
to simulate the effects of climate change on Pseudo-nitzschia bloom dynamics in the GOM. 
Potential future hydrodynamic changes include increased Scotian Shelf inflows and 
increased seasonality in the Eastern Maine Coastal Current transport. P. australis 
potential growth at the surface is expected to increase throughout the GOM from 
November to June and decrease in most of the GOM from June to November. In the 
eastern GOM, however, surface potential growth rates are expected to increase year-
round. As a result of stronger Scotian Shelf inflows and increased growth potential,           
P. australis blooms in the eastern GOM may intensify with climate change. Blooms might 
also shift later in the fall and persist through winter into spring. Warming in the GOM is 
predicted to affect Pseudo-nitzschia community composition by expanding the ecological 
niche for warm-adapted species and narrowing the niche for cold-adapted species. These 
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predictions assume all other factors remain the same, but climate change will likely impact 
other aspects of the ecosystem as well such as nutrient fluxes and predators. 
5.2 Significance 
The work presented here improves our understanding of the seasonality, species 
progression, and spatial distribution of Pseudo-nitzschia in the GOM. We now know that 
species composition, not the environment, is the dominant factor driving pDA 
concentrations, and that P. plurisecta and P. australis in particular are associated with 
elevated pDA concentrations. This thesis also showed that Pseudo-nitzschia blooms can 
originate in the Bay of Fundy and propagate along the coast, similarly to A. catenella 
blooms, and that harmful algal cells can originate outside of the GOM. 
This thesis also expands our spatial and temporal perspective of GOM Pseudo-nitzschia 
blooms. Initially, the focus was on only five years, with the majority of the data coming 
from ship surveys, which provide only a snapshot in time of evolving bloom dynamics, or 
time series, which are limited in spatial scope. Then, through modeling, the second study 
simulated data at hourly, 1 km intervals over the entire GOM and part of the Scotian 
Shelf. The second study also expanded the focus from five years to eight, with each year 
simulated separately. Lastly, the climate study produced 25 years of continuous 
simulations at both the beginning and the end of the 21st Century. The continuous climate 
simulations created an interannual perspective that allows for the exploration of processes 
connecting one year to the next. With this improved spatial and temporal resolution and 
the expanded perspective they provide, we can ask detailed questions pertaining to the 
spatial extent of Pseudo-nitzschia blooms, and to their initiation and decline. 
The research presented here points to areas where Pseudo-nitzschia knowledge is still 
lacking and proposes ideas for future research. Most urgent is the need for expanded 
monitoring to sample Pseudo-nitzschia blooms as they rise and decline, as well as 
additional ship surveys to identify potential upstream populations. An expanded modeling 
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approach including the entire Scotian Shelf and part of the North Atlantic would allow 
for more investigation about the offshore processes that affect the GOM. With regards to 
ecology, more work can be done to refine the growth model presented here, to include 
salinity, light availability, and nutrients. To improve our understanding of Pseudo-
nitzschia community composition and how it might change, it would also prove helpful to 
apply the growth model to other Pseudo-nitzschia species.  
Fortunately, the work in this thesis lays the foundation for this continued work. The first 
part identified the seasons and locations where Pseudo-nitzschia blooms are most common, 
which can inform monitoring decisions. The second part found the most likely introduction 
route of P. australis and its upstream sources, which can be used to guide future sampling 
surveys. We have also improved our understanding of growth rates of one P. australis 
strain from the GOM. The theoretical growth curve builds confidence in growth rates at 
temperatures outside the measured growth range, and establishes a method to adapt the 
growth curve to different strains or species. The simple growth model that is presented 
here also lays the foundation for more complex models. As more information becomes 
available, it should be straightforward to include growth as a function of light, salinity, 
or nutrients, for either P. australis or other Pseudo-nitzschia species in the GOM.  
The modeling methods in this thesis are not only applicable to Pseudo-nitzschia, but also 
to other HABs in the GOM and to the region in general. LTRANS was adapted and is 
now applicable to the tidally energetic Bay of Fundy, and a statistically significant number 
of particles was established for several release sites in the region. For future studies of 
connectivity and transport in the GOM, the particle tracking tool is readily available. 
This thesis also included the critical step of downscaling a climate simulation to the 
regional ROMS. The regional climate simulations can now be used to answer any number 
of climate change related questions in the GOM, whether they relate to Pseudo-nitzschia 
and HABs or not. The established workflow can also be used to downscale other climate 
simulations and examine a model ensemble.  
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Last but not least, this work is significant to society. The questions, hypotheses, and 
methods presented here provide valuable information to improve how we prepare for and 
respond to Pseudo-nitzschia blooms in the GOM. This research has confirmed that DNA 
sampling is necessary to predict DA risk, because only through species-specific data can 
we predict the likelihood of high DA concentrations in the water. It has also pointed to 
areas and time periods when Pseudo-nitzschia blooms are most likely, which can be used 
to inform monitoring decisions. Finally, the climate simulations provide a guideline for 
what human society might expect with climate change. They point to which Pseudo-
nitzschia species could become more prevalent in the future, such as P. plurisecta, which 
is a DA producer. They also indicate that winter and spring might be at higher risk of 
DA events, although they were not historically. This research has created new 
understanding and new opportunities to further improve the relationship between the 
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6 Appendix A 
 
6.1 Species Abundance and Hydrography 
Site-specific species progression shows relative unity in species composition between Mt. 
Desert Island sample sites. Therefore, one site can be used to represent species progression 
at all sites. 
 




Only DA cell-1, DA, and salinity were significantly different in 2016 cruise data compared 
to 2012, 2014, and 2015 cruise data. Residual silica was significantly different in 2016 from 
2012 and 2015. 
 
Figure 6-2 - Box and Whisker plot of environmental parameters. 
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Salinity was higher in the 2016 cruise data compared to previous years’ cruise data, but 
that might be due to seasonal variations in salinity. 
 





Cumulative river discharge in 2016 was lower than the average from the 2001–2015 
climatology. 
 
Figure 6-4 - Cumulative river discharge (average daily discharge integrated over time) as the sum of the 
Penobscot, Kennebec, Merrimack, and Androscoggin Rivers. Years 2003–2017 are shown in grey, and 2016 





6.2 CPR Results 
Figure 6-5 - Figure 6-12: Plots of P. seriata group (of which P. australis is part) cell 
abundance in the months leading up to the 2016 bloom event do not indicate an offshore 
cell population. 
 
Figure 6-5 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from January 2016. Circle 




Figure 6-6 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from February 2016. 
Circle locations indicate sample location, and circle color indicates cell concentration. 
 
Figure 6-7 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from March 2016. Circle 




Figure 6-8 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from April 2016. Circle 
locations indicate sample location, and circle color indicates cell concentration. 
 
Figure 6-9 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from June 2016. Circle 




Figure 6-10 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from July 2016. Circle 
locations indicate sample location, and circle color indicates cell concentration. 
 
Figure 6-11 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from August 2016. Circle 





Figure 6-12 - Surface cell concentrations of Pseudo-nitzschia size group P. seriata from September 2016. 




6.3 DA cell-1 Results 
Table 6-1 - Summary of DA cell-1 results using the 85% relative abundance cut-off. Species are listed in 
alphabetical order and then chronological order. A double dash (--) indicates that there was only one cellular 
quota that could be estimated by the 85% cutoff; if the quota was zero then it was listed as a minimum, but 




Figure 6-13 - cDA estimates (pg cell-1) vs. relative species abundance for five Pseudo-nitzschia species with 
a relative abundance cutoff of 60%. Note that most P. pungens estimates with values greater than zero were 
in samples where other known toxic species were also present, but the samples that were almost completely 
dominated by P. pungens were near zero. 
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Table 6-2 - Full suite of samples used to estimate cDA, arranged chronologically and then alphabetically. 













































































6.4 Linear Regression Results 
6.4.1 All samples; species vs. environment 
R2 values are generally low (<0.15). The highest R2 values were associated with salinity, which we attribute to inshore-
offshore patterns, addressed in-text. There exist a couple of regressions with other parameters for which R2 > 0.15, but they 







Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.13 -- -- 0.12 0.00 -- 0.00 0.01 0.03 0.01 0.12
Salinity 0.03 -- -- 0.09 0.10 -- 0.00 0.00 0.29 0.01 0.05
Nitrate + Nitrite 0.10 -- -- 0.05 0.00 -- 0.00 0.01 0.08 0.02 0.02
Ammonium 0.02 -- -- 0.00 0.03 -- 0.01 0.01 0.18 0.00 0.00
Phosphate 0.14 -- -- 0.03 0.10 -- 0.00 0.03 0.00 0.06 0.00
Silicic Acid 0.03 -- -- 0.06 0.09 -- 0.02 0.04 0.00 0.00 0.00
Chlorophyll 0.00 -- -- 0.00 0.09 -- 0.01 0.00 0.00 0.04 0.14
Total N 0.11 -- -- 0.05 0.00 -- 0.00 0.01 0.06 0.02 0.02
Si:N 0.07 -- -- 0.00 0.01 -- 0.00 0.00 0.00 0.05 0.00
Si:P 0.05 -- -- 0.00 0.02 -- 0.00 0.01 0.01 0.12 0.00
N:P 0.13 -- -- 0.06 0.02 -- 0.00 0.00 0.08 0.00 0.03
Residual Silica 0.04 -- -- 0.01 0.05 -- 0.02 0.00 0.06 0.01 0.03
Factor Pamericana Paustralis Pcaciantha Pcuspidata PdelicatissimaPfraudulenta Pmultiseries Pobtusa Pplurisecta Ppungens Pseriata
Temperature -- -- -- -- 0.00 -- -- -- 0.35 0.85 0.23
Salinity -- -- -- -- 0.11 -- -- -- 0.20 0.05 0.53
Nitrate + Nitrite -- -- -- -- 0.36 -- -- -- 0.18 0.37 0.10
Ammonium -- -- -- -- 0.10 -- -- -- 0.27 0.00 0.15
Phosphate -- -- -- -- 0.02 -- -- -- 0.25 0.34 0.11
Silicic Acid -- -- -- -- 0.03 -- -- -- 0.19 0.03 0.01
Total N -- -- -- -- 0.20 -- -- -- 0.29 0.05 0.04
Si:N -- -- -- -- 0.22 -- -- -- 0.02 0.01 0.00
Si:P -- -- -- -- 0.16 -- -- -- 0.02 0.05 0.15
N:P -- -- -- -- 0.13 -- -- -- 0.03 0.04 0.23













Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature -- -- 0.01 0.01 0.03 -- -- 0.01 0.16 0.04 0.02
Salinity -- -- 0.00 0.04 0.13 -- -- 0.00 0.25 0.24 0.02
Nitrate + Nitrite -- -- 0.04 0.00 0.00 -- -- 0.04 0.02 0.04 0.03
Ammonium -- -- 0.01 0.02 0.00 -- -- 0.01 0.01 0.01 0.00
Phosphate -- -- 0.00 0.00 0.03 -- -- 0.00 0.11 0.05 0.04
Silicic Acid -- -- 0.01 0.04 0.03 -- -- 0.01 0.09 0.10 0.01
Chlorophyll -- -- 0.00 0.00 0.02 -- -- 0.00 0.02 0.04 0.02
Total N -- -- 0.03 0.00 0.00 -- -- 0.03 0.02 0.03 0.03
Si:N -- -- 0.00 0.08 0.00 -- -- 0.00 0.00 0.03 0.04
Si:P -- -- 0.01 0.02 0.00 -- -- 0.01 0.02 0.03 0.00
N:P -- -- 0.04 0.00 0.01 -- -- 0.04 0.03 0.00 0.01
Residual Silica -- -- 0.02 0.03 0.01 -- -- 0.02 0.01 0.00 0.01
Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.00 -- 0.02 0.00 0.00 0.19 -- 0.05 0.10 0.01 0.06
Salinity 0.07 -- 0.00 0.00 0.36 0.00 -- 0.00 0.41 0.13 0.11
Nitrate + Nitrite 0.01 -- 0.00 0.01 0.18 0.06 -- 0.05 0.11 0.06 0.02
Ammonium 0.01 -- 0.00 0.00 0.01 0.00 -- 0.00 0.00 0.11 0.00
Phosphate 0.00 -- 0.00 0.03 0.09 0.15 -- 0.05 0.12 0.00 0.07
Silicic Acid 0.00 -- 0.01 0.01 0.02 0.06 -- 0.02 0.04 0.02 0.04
Chlorophyll 0.00 -- 0.01 0.00 0.12 0.05 -- 0.02 0.00 0.15 0.04
Total N 0.01 -- 0.01 0.01 0.17 0.05 -- 0.05 0.11 0.04 0.02
Si:N 0.00 -- 0.00 0.00 0.13 0.02 -- 0.02 0.22 0.00 0.03
Si:P 0.01 -- 0.00 0.00 0.02 0.07 -- 0.00 0.00 0.01 0.02
N:P 0.04 -- 0.01 0.00 0.05 0.16 -- 0.01 0.06 0.05 0.00










Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.05 0.15 -- -- 0.23 0.01 0.00 -- 0.18 0.00 --
Salinity 0.00 0.02 -- -- 0.02 0.08 0.44 -- 0.04 0.38 --
Nitrate + Nitrite 0.01 0.16 -- -- 0.31 0.02 0.02 -- 0.30 0.03 0.07
Ammonium 0.01 0.00 -- -- 0.00 0.00 0.04 -- 0.00 0.02 0.00
Phosphate 0.08 0.21 -- -- 0.36 0.02 0.06 -- 0.37 0.04 0.13
Silicic Acid 0.02 0.21 -- -- 0.30 0.02 0.01 -- 0.33 0.00 0.07
Chlorophyll 0.01 0.05 -- -- 0.27 0.02 0.00 -- 0.23 0.02 --
Total N 0.01 0.12 -- -- 0.25 0.01 0.04 -- 0.26 0.04 0.06
Si:N 0.00 0.00 -- -- 0.00 0.01 0.08 -- 0.00 0.01 0.00
Si:P 0.00 0.14 -- -- 0.11 0.00 0.01 -- 0.12 0.02 0.02
N:P 0.00 0.05 -- -- 0.08 0.00 0.01 -- 0.07 0.00 0.01
Residual Silica 0.00 0.00 -- -- 0.03 0.01 0.01 -- 0.01 0.05 0.00
Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.01 0.01 0.00 0.01 0.00 0.07 0.00 0.00 0.09 0.01 0.02
Salinity 0.01 0.26 0.00 0.02 0.01 0.00 0.14 0.00 0.10 0.01 0.02
Nitrate + Nitrite 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01
Ammonium 0.04 0.14 0.00 0.01 0.02 0.00 0.00 0.01 0.00 0.01 0.01
Phosphate 0.03 0.02 0.00 0.00 0.00 0.03 0.00 0.00 0.02 0.02 0.00
Silicic Acid 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.02 0.01
Chlorophyll 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Total N 0.03 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01
Si:N 0.02 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.04 0.00
Si:P 0.00 0.02 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.02 0.01
N:P 0.05 0.01 0.00 0.00 0.00 0.05 0.00 0.00 0.01 0.00 0.02
Residual Silica 0.05 0.06 0.01 0.01 0.04 0.00 0.01 0.00 0.05 0.08 0.00
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6.4.2 Only Samples where DA > LOQ; species vs environment 
When the analysis includes only samples where DA > LOQ, there are even fewer significant regressions. The majority of R2 









Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.01 -- -- 0.32 0.05 -- 0.12 0.00 0.08 0.00 0.04
Salinity 0.16 -- -- 0.06 0.10 -- 0.00 0.16 0.04 0.01 0.00
Nitrate + Nitrite 0.01 -- -- 0.14 0.01 -- 0.08 0.01 0.04 0.02 0.05
Ammonium 0.03 -- -- 0.01 0.06 -- 0.03 0.04 0.09 0.06 0.02
Phosphate 0.02 -- -- 0.13 0.26 -- 0.12 0.01 0.01 0.02 0.02
Silicic Acid 0.03 -- -- 0.27 0.23 -- 0.13 0.03 0.00 0.04 0.03
Chlorophyll 0.00 -- -- 0.02 0.21 -- 0.00 0.01 0.04 0.08 0.00
Total N 0.00 -- -- 0.13 0.01 -- 0.08 0.00 0.05 0.02 0.06
Si:N 0.00 -- -- 0.00 0.00 -- 0.16 0.01 0.08 0.01 0.00
Si:P 0.01 -- -- 0.01 0.02 -- 0.17 0.01 0.05 0.00 0.00
N:P 0.00 -- -- 0.08 0.01 -- 0.08 0.01 0.04 0.03 0.05
Residual Silica 0.08 -- -- 0.02 0.17 -- 0.00 0.09 0.05 0.00 0.01
Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissimaP. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature -- -- -- -- 0.01 -- -- -- 0.38 0.88 0.26
Salinity -- -- -- -- 0.06 -- -- -- 0.23 0.08 0.58
Nitrate + Nitrite -- -- -- -- 0.41 -- -- -- 0.18 0.37 0.10
Ammonium -- -- -- -- 0.12 -- -- -- 0.27 0.00 0.15
Phosphate -- -- -- -- 0.10 -- -- -- 0.28 0.43 0.12
Silicic Acid -- -- -- -- 0.02 -- -- -- 0.20 0.04 0.01
Total N -- -- -- -- 0.23 -- -- -- 0.29 0.05 0.04
Si:N -- -- -- -- 0.21 -- -- -- 0.02 0.01 0.00
Si:P -- -- -- -- 0.24 -- -- -- 0.02 0.06 0.15
N:P -- -- -- -- 0.06 -- -- -- 0.04 0.06 0.25










Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature -- -- -- 0.09 -- -- -- 0.50 0.10 0.02
Salinity -- -- -- 0.06 -- -- -- 0.20 0.20 0.03
Nitrate + Nitrite -- -- -- 0.03 -- -- -- 0.18 0.10 0.00
Ammonium -- -- -- 0.03 -- -- -- 0.00 0.01 0.00
Phosphate -- -- -- 0.10 -- -- -- 0.21 0.07 0.02
Silicic Acid -- -- -- 0.00 -- -- -- 0.12 0.04 0.00
Chlorophyll -- -- -- 0.00 -- -- -- 0.00 0.00 0.00
Total N -- -- -- 0.05 -- -- -- 0.13 0.10 0.00
Si:N -- -- -- 0.03 -- -- -- 0.01 0.02 0.00
Si:P -- -- -- 0.04 -- -- -- 0.00 0.00 0.03
N:P -- -- -- 0.00 -- -- -- 0.01 0.07 0.01
Residual Silica -- -- -- 0.06 -- -- -- 0.03 0.06 0.00
Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.10 -- -- -- 0.21 0.01 -- -- 0.28 0.04 0.07
Salinity 0.36 -- -- -- 0.26 0.27 -- -- 0.13 0.13 0.32
Nitrate + Nitrite 0.27 -- -- -- 0.65 0.00 -- -- 0.17 0.00 0.07
Ammonium 0.00 -- -- -- 0.03 0.01 -- -- 0.00 0.00 0.01
Phosphate 0.07 -- -- -- 0.24 0.07 -- -- 0.15 0.01 0.06
Silicic Acid 0.37 -- -- -- 0.54 0.12 -- -- 0.38 0.00 0.20
Chlorophyll 0.11 -- -- -- 0.05 0.02 -- -- 0.02 0.19 0.03
Total N 0.22 -- -- -- 0.59 0.00 -- -- 0.13 0.00 0.05
Si:N 0.02 -- -- -- 0.05 0.00 -- -- 0.22 0.31 0.00
Si:P 0.04 -- -- -- 0.01 0.28 -- -- 0.02 0.00 0.00
N:P 0.12 -- -- -- 0.20 0.17 -- -- 0.01 0.02 0.00






2012-2016 Cruises Combined 
 
Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.05 0.01 -- -- 0.20 0.04 0.06 -- 0.05 0.09 --
Salinity 0.00 0.36 -- -- 0.03 0.10 0.33 -- 0.34 0.14 --
Nitrate + Nitrite 0.04 0.00 -- -- 0.33 0.03 0.10 -- 0.04 0.13 --
Ammonium 0.00 0.00 -- -- 0.05 0.00 0.06 -- 0.00 0.00 --
Phosphate 0.07 0.00 -- -- 0.36 0.01 0.15 -- 0.01 0.04 --
Silicic Acid 0.04 0.00 -- -- 0.24 0.03 0.09 -- 0.02 0.10 --
Chlorophyll 0.01 0.11 -- -- 0.21 0.03 0.03 -- 0.12 0.23 --
Total N 0.03 0.00 -- -- 0.35 0.02 0.13 -- 0.02 0.10 --
Si:N 0.02 0.01 -- -- 0.03 0.05 0.09 -- 0.02 0.03 --
Si:P 0.03 0.00 -- -- 0.06 0.05 0.02 -- 0.02 0.07 --
N:P 0.01 0.00 -- -- 0.14 0.02 0.09 -- 0.02 0.07 --
Residual Silica 0.01 0.00 -- -- 0.11 0.00 0.01 -- 0.02 0.04 --
Factor P. americana P. australis P. caciantha P. cuspidata P. delicatissima P. fraudulenta P. multiseries P. obtusa P. plurisecta P. pungens P. seriata
Temperature 0.00 0.01 -- 0.08 0.00 0.00 0.01 0.01 0.13 0.02 0.01
Salinity 0.00 0.67 -- 0.00 0.24 0.02 0.30 0.00 0.05 0.02 0.15
Nitrate + Nitrite 0.00 0.11 -- 0.01 0.04 0.01 0.00 0.00 0.01 0.02 0.05
Ammonium 0.04 0.05 -- 0.01 0.00 0.00 0.00 0.02 0.03 0.09 0.00
Phosphate 0.00 0.10 -- 0.01 0.07 0.00 0.00 0.00 0.03 0.01 0.05
Silicic Acid 0.02 0.00 -- 0.00 0.05 0.00 0.00 0.02 0.07 0.02 0.07
Chlorophyll 0.01 0.01 -- 0.00 0.05 0.00 0.00 0.00 0.01 0.03 0.03
Total N 0.00 0.13 -- 0.01 0.03 0.00 0.00 0.00 0.02 0.04 0.04
Si:N 0.02 0.04 -- 0.01 0.01 0.00 0.00 0.00 0.02 0.04 0.01
Si:P 0.07 0.04 -- 0.03 0.02 0.01 0.00 0.02 0.13 0.07 0.02
N:P 0.01 0.06 -- 0.02 0.00 0.00 0.00 0.00 0.01 0.06 0.01
Residual Silica 0.04 0.14 -- 0.03 0.01 0.00 0.01 0.01 0.22 0.12 0.01
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6.4.3 DA vs species 
 
 
Species 2012 2013 2014 2015 2016 2012-2016
P.	heimii	americana 0.03 0.00 0.00 0.07 0.00 0.01
P.	australis 0.00 0.00 0.00 0.00 0.22 0.19
P.	caciantha 0.00 0.00 0.00 0.00 0.00 0.00
P.	cuspidata 0.06 0.00 0.00 0.00 0.00 0.00
P.	delicatissima 0.11 0.05 0.28 0.07 0.01 0.03
P.	fraudulenta 0.00 0.00 0.00 0.04 0.00 0.00
P.	multiseries 0.34 0.00 0.00 0.00 0.04 0.00
P.	obtusa 0.05 0.00 0.00 0.00 0.00 0.00
P.	plurisecta 0.33 0.53 0.29 0.05 0.09 0.08
P.	pungens 0.35 0.20 0.07 0.01 0.10 0.05
P.	seriata 0.02 0.00 0.00 0.08 0.00 0.03
Total	Psn 0.47 0.21 0.17 0.03 0.66 0.53
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6.4.4 DA vs environment 
  
Factor 2012 2013 2014 2015 2016 2012-2016
Temperature 0.08 0.32 0.09 0.04 0.00 0.00
Salinity 0.00 0.00 0.01 0.06 0.44 0.20
Nitrate	+	Nitrite 0.08 0.07 0.38 0.03 0.01 0.00
Ammonium 0.01 0.19 0.02 0.07 0.02 0.00
Phosphate 0.08 0.57 0.48 0.23 0.00 0.01
Silicic	Acid 0.17 0.31 0.39 0.24 0.06 0.01
Total	N 0.08 0.18 0.36 0.05 0.01 0.00
Si:N 0.00 0.05 0.06 0.03 0.15 0.01
Si:P 0.01 0.01 0.09 0.14 0.10 0.02
N:P 0.07 0.02 0.06 0.18 0.00 0.00
Residual	Silica 0.01 0.27 0.00 0.26 0.07 0.05
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6.5 Wilcoxon Signed Rank Test Results 
2016 cruise data vs 2012, 2014, and 2015 cruise data (samples when DA > LOQ). A “1” indicates that the parameters was 
significantly different in that year compared to 2016.  
Parameter 2012 2014 2015 
Temperature 0 0 0 
Salinity 1 0 1 
DA/cell 1 1 1 
Si:N 1 0 1 
Si:P 1 0 0 
N:P 1 0 1 
Residual Si 1 0 1 
NOx- 0 0 1 
NH4 1 0 1 
PO4 0 0 1 
Si(OH)4 1 0 0 
Total 
Pseudo-nitzschia 





7 Appendix B 
 
7.1 Methods 
7.1.1 Model-Data Comparison 
At depth (>100m) near NERACOOS buoy N, both ROMS and the observational data 
show changes in salinity up to 2 PSU and changes in temperature up to 6°C over as little 
as a week. 
 
Figure 7-1 - (top) salinity and (bottom) temperature vs. time from ROMS (red) and NERACOOS buoy N 
(blue) at 100m. ROMS data were taken from the nearest grid cell to the NERACOOS buoy location. 
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The model also captures seasonal and spatial patterns in sea surface temperature: time 
series of model output vs NERACOOS Buoy measurements and Halifax Station 2 are in 
good agreement. 
 
Figure 7-2 –(top) NERACOOS buoy I, (bottom) NERACOOS buoy M, and ROMS (red) SST vs. time 
from 2012 to 2019.   
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At Halifax Station 2, surface salinity in the model was more saline than observational 
data by 1 PSU on average (up to 1.8 PSU).  
 
 
Figure 7-3 – (top) SST vs. time from (black) ROMS and (blue) Halifax Station 2 for 2012–2016; (bottom) 
surface salinity vs. time from (black) ROMS and (blue) Halifax Station 2 for 2012–2016. 5m was chosen 
instead of 2m because of gaps in the data.  
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At NERACOOS buoy I, below-surface (50m) modeled salinity was fresher than 
observational data by up to 1.3 PSU… ROMS did not capture the rapid increase in salinity 
(~0.5 PSU over 6 days) observed at 250m at NERACOOS Buoy M in July 2016 (Clark et 
al., 2019). 
 
Figure 7-4 – (top) 50m salinity vs. time in 2016 from (red) ROMS output and (blue) NERACOOS Buoy 




Figure 7-5 - Surface salinity in July 2016 as measured during the DFO survey (left) and as calculated by 
ROMS (right). 
 
Figure 7-6 - Surface temperature in July 2016 as measured on the DFO Summer Survey (left) and as 




Figure 7-7 - Bottom temperature in July 2016 as measured on the DFO Summer Survey (left) and as 




7.2.1 ROMS and Field Data 
Similarly, at Halifax Station 2, surface salinity (5–20m) in 2016 decreased below any other 
year in the 8-year time period besides 2013, and mid-depth salinity (50–100m) in 2016 
and 2017 was less variable than in the other 6 years studied. 
 
Figure 7-8 - (top) 5m and (bottom) 85m salinity vs time as measured during monthly measurements at 





At the same time and location that positive salinity anomalies were observed on the 
Scotian Shelf in July 2016, modeled volume and salt transport toward the GOM increased 
as a result of increased velocities and increased salinity values 
 
Figure 7-9 - Salt transport toward the GOM at the Scotian Shelf transect vs time. The grey shaded area 
indicates +/- one standard deviation, the black line indicates the interannual mean, and the green line 
indicates 2016. Data were smoothed over one week before plotting.  
 
 179 
7.2.3 Growth Delivery Potential 
Table 7-1 - Growth rates and associated standard error (S.E.) per degree Celsius as measured during 
laboratory experiments. SE are listed only for laboratory growth rates.  
Temperature (℃) Growth Rate (#, day-1) ± SE  
4 0.27 
7 0.33 ± 0.06 
9 0.39 ± 0.08 
11 0.38 ± 0.02 
13 0.46 ± 0.03 






Potential daily growth rates from the inner Scotian Shelf were neither significantly higher 
nor significantly lower in 2016 compared to other years from 2012 to 2019. 
 
 
Figure 7-10 - Box and Whisker plots of each year’s per particle averaged potential daily growth rates for 
particles released on the inner Scotian Shelf that were in the Bay of Fundy between September 5 and 19. 
The number of particles in each year’s boxplot is indicated in parentheses. For each Box-and-Whisker plot, 
the red line indicates the median, the blue box indicates 1st and 3rd quartiles, and black dashed lines indicates 
extrema excluding outliers.  The crosses are outliers, defined as points greater than (less than) Q3(Q1)  




Figure 7-11 - Box and Whisker plots of each year’s per particle averaged potential daily growth rates for 
particles released in the Northeast Channel that were in the Bay of Fundy between September 5 and 19. 





7.3.1 Likely P. australis Introduction Pathways 
An additional reverse experiment was run with particles released just below the surface 
in the Bay of Fundy from September 12 to September 19, which was the period of shellfish 
closures in that region. It confirmed that particles in the Bay of Fundy were connected to 
the inner Scotian Shelf via the coastal route, but were not connected to the Northeast 
Channel. 
 
Figure 7-12 - Particle tracks color-coded by date for particles released in the Bay of Fundy from  
Sep 12–Sep 19, 2016, and run in reverse. Dates are indicated by the color bar on the right. The thick brown 
contour indicates the shoreline, the thick black contours indicate 100m and 500m, and the thin black contours 





8 Appendix C 
 
8.1 Comparison Between Two ROMS Configurations  
Average sea surface temperatures in the two models agreed well in terms of magnitude 
and seasonal variability. 
 
Figure 8-1 – Average sea surface temperature (SST) in the GOM ROMS domain vs. time in the (top) 
hindcast and (bottom) forecast as estimated by (red) the NWA ROMS and (blue) the GOM ROMS. The 
NWA ROMS was interpolated to the GOM ROMS grid before analysis. Data are only shown for the time 
period when the model simulations overlapped. 
 
 184 
Both models forecast an increase in the GOM inflow ratio. 
 
Figure 8-2 - Change in the GOM inflow ratio vs. day of the year as calculated from NWA ROMS output. 
(grey - yearly change; red - mean) 
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The two models agreed on the order of magnitude and seasonality of total river outflow 
in the GOM.
 
Figure 8-3 - Total river runoff vs. time in the (top) hindcast and (bottom) forecast from (blue) the GOM 
ROMS and (red) the NWA ROMS. NWA ROMS surface freshwater flux was converted to m3 s-1 before 




This is 2 orders of magnitude smaller than the models’ disagreement in change in total 
freshwater in the domain. 
 
Figure 8-4 - Change in total freshwater volume in the GOM ROMS domain vs. time as estimated by the 
GOM ROMS (blue) and the NWA ROMS (red). The dashed lines indicate the mean value of the plots of 
the same color. NWA ROMS data were interpolated to the GOM ROMS grid before analysis, and data 




Surface salinity decreased by 0.3 PSU on average in the NWA ROMS forecast within the 
GOM ROMS domain, but by 0.9 PSU on average in the GOM ROMS forecast. 
 
Figure 8-5 - Change in average surface salinity in the GOM ROMS domain vs. time from (blue) the GOM 
ROMS and (red) the NWA ROMS. NWA ROMS data were interpolated to the GOM ROMS grid before 




Increased stratification was correlated with increased surface temperatures in the summer 
and fall, and with decreased surface salinity in the winter. 
 
Figure 8-6 – Change in stratification vs. (left) surface temperature and (right) surface salinity in (top to 
bottom) winter, spring, summer, and fall. Regression lines from linear least squares regression are plotted 
in red, with the corresponding R2 value shown on each plot. 
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An analysis of each component of the GOM inflow ratio showed that the increase is caused 
more by increased Scotian Shelf Water inflows than by decreased Northeast Channel 
inflows. 
 
Figure 8-7 - Composite year change in transport for each of the components of the GOM inflow ratio: Nova 




In the forecast composite year, while the average surface temperature in most of the 
domain was 16℃, this water mass remained between 8 and 12℃. 
 
Figure 8-8 - Average sea surface temperature (SST) in the forecast composite year. Color scale is defined 




To assess how these species’ growth might change as a result of warming temperatures, 
the P. australis growth curve was shifted to their corresponding temperature ranges such 
that the curve approached zero at 15℃ for P. seriata and growth peaked at 17℃ for                  
P. plurisecta. 
 
Figure 8-9 – Same as Figure 4-3, but with growth curves for a hypothetical “polar” species (dashed line) 
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